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ABSTRACT 
This thesis describes an experimental and theoretical 
study of natural convection heat transfer from a downward-
facing constant-heat-flux inclined flat plate in water. 
The theoretical investigation, which comprised an 
analysis of the integrated boundary" layer equations for 
steady two-dimensional laminar and turbulent flows, produced 
analytical solutions for a heated plate inclined at any angle 
of inclination. 
Experiments, using two rigs, investigated heat transfer 
in the laminar, transition and turbulent regimes. The major 
ou'tcome i3 a" correlation for the local Uusselt UUlnbcr over a 
range of modified Rayleigh Number from 106 to 1015 • In 
addition, boundary layer temperature and velocity profiles 
were measured using traversing probes and the flow outside the 
boundary l ~ e r r was investigated using flow visualization 
techniques. 
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CHAPTER l' 
INTRODUCTION 
During the design of a nuclear reactor, a detailed safety 
assessment is carried out which considers the effects on the 
reaotor of a number of faults. Methods are provided for dealing 
with any dangerous situations, usually by avoiding the possible 
aooident or oontaining its consequenoes. In the' fast reactor, 
"" , 
one of the most unlikely accidents is the loss of ooolant from 
a single fuel sub-assembly. 
Looal blockages in the sub-assemblies due to coolant' debris 
are important for fast reactor safety because they are diffioult 
, . 
to deteot and they oould initiate a whole core incident. 
Gregory and Lord (1974) have shown that at least 12% of the 
available flow area must be blocked before looal boiling of the ~ ~
sodium could be initiated, implying that blockages due to coolant 
debris are not an important hazard. They suggested that a major 
failure of either the fuel or structure of the sub-assembly 
would be necessary to cause a serious problem. Farmer (1970) 
has pointed out the possibility of'a failure in one sub-assembly 
propagating to other sub-assemblies whioh could then lead to the 
melt-out of the oore or some part of the core. In order to 
prevent molten debris damaging the reaotor vessel, Hunt and 
Moore (1970) have suggested the'use of a ' ~ o r e e oatcher placed 
beneath the core to catch the debris. The function of the oore 
oatcher would be to initially catch the debris and then 0001 it 
to prevent boiling and dispersal of the material. 
They suggested that the most likely type of core oatcher 
would be a shallow V section channel which would be cooled by 
natural convection from its lower face into the main bulk of the 
2 
sodium. Their analysis of the heat transfer from the core catcher, 
discussed in detail later, showed that the temperature difference 
between the core catcher and the liquid sodium would be 810 0 for 
a V section channel inclined at 150 to the horizontal. 
As the above figure was based on unreasonable extrapolation 
of the available heat transfer data, the investigation reported in 
this thesis was aimed at providing data relevant to the design of 
suoh a core catcher. In a large number of liquid sodium heat 
transfer experiments, preliminary information'is obtained using 
water models where flow visualization may also be undertaken. From 
these results, a feel is obtained as to which parameters are 
important and this may lead to modifications to any proposed liquid 
sodium experiment. Naturally, the results of these experiments 
will not be quantitatively applicable to liquid metals due to their 
high molecular conduction (low Prandtl Number).' 
To ease manufacture of the experimental rig, it was decided 
to consider only one side of the core catcher. The experimental 
situation which models the problem is that of a downward-facing 
inclined flat plate in water, the plate having a uniform heat 
output as suggested by Hunt and Moore (1910). It was hoped that 
this would give a reasonable representation of the practical 
situation. 
The objectives of the investigation are summarised as follows: 
1. To determine experimentally the relationship between the 
local heat transfer coefficient and the Graehof Number in the 
laminar and turbulent regions as the angle of inolination of 
the plate varies from the vertical to the horizontal facing 
down. 
3 
2. To determine experimentally, profiles of mean velooity 
and temperature in the laminar and turbulent boundary l ~ e r a a
over a range of values of Grashof Number and plate angle of 
inolination. 
3. To investigate the oharaoteristios of the flow by means 
of flow visualization teohniques. 
4. To obtain a theoretioal solution for the'laminar and 
turbulent boundary layers using integral momentum teohniques. 
At the beginning of the projeot it was deoided to modif.1 and 
Tebuild an experimental rig oonstruoted by Taft (1971) for laminar 
flow measurements. Onoe this was oommissioned and producing 
results, the detailed design and-oonstruotion of a larger rig was 
undertaken. The presentation of the work is as follows: 
Chapter 2 reviews the previous work on inclined plate natural 
convection heat transfer and reveals a l a ~ k k of both experimental 
and theoretical data on turbulent flow and constant-heat-flux 
surfaces. The difficulties of computing turbulent flows on a 
vertioal isothermal flat plate have been revealed by Smith (1972) 
who concluded that: 
..... theoretical work should not be attempted until further 
understanding of the physios governing turbulen'ce is seoured. II 
This diffioulty is not present for laminar flows where finite 
difference solutions have solved the vertical plate solution 
aocurately. This lack of knowledge was the other reason for this 
projeot being formulated. 
Chapter 3 presents a theoretioal desoription of both the 
laminar and turbulent boundary layers using the integral momentum 
method. Assumed velocity and temperature profiles in the boundary 
layer are used to obtain solutions to the equations. 
4 
Chapter 4 deals with the method of measurement in natural 
convection flows. The decisions leading to the selection and 
design of the thermocouple probe and a hot-fibre anemometer are 
given and details of the calibration of the anemometer are 
discussed. 
Chapter 5 presents a detailed description of the two experi-
mental rigs together with a discussion on the type of instrumen-
tation used. 
Chapters 6 and 7 describe the experimental procedure and 
results obtained from the small and large rigs respectively. The 
results from the two rigs are then discussed jointly in Chapter 8 
and compared with the theoretical predictions of Chapter 3. 
Chapter 9 summarises the conclusions of this programme of 
work and Chapter io suggests areas of work where further research 
is necessary. 
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CHAPTER 2 
PREVIOUS WORK ON HEAT TRANSFER BY NATURAL 
CONVECTION FROM INCLINED FLAT PLATES 
2.1 INTRODUCTION 
The study of natural convection adjacent to inclined surfaces 
has received comparatively little attention compared with the 
classical study of heat transfer from a vertical plate. The 
earliest investigator to study this problem was Schmidt (1932) who 
obtained a fine collection of schlieren photographs of natural 
convection flows above and below an inclined surfaoe. 
Before continuing further with the inclined plate, a brief 
description of the development of the flow adjacent to a vertical 
plate will be given. There are several excellent review articles 
dealing with this situation by Ede (1956, 1967), Ostrach (1964) 
and Gebhart (1973a, 1973b). 
Figure 2.1, taken from Godaux and Gebhart (1974), shows the 
development of the boundary layer in water. . Initially a laminar 
boundary layer develops along the plate and after some distance 
downstream small disturbances enter the laminar flow from the 
surrounding medium and become two-dimensional. These are con-
vected d o w n s t r e ~ ~ ~ and amplified over a narrow band of frequencies. 
The second stage of breakdown is when the secondary mean flo\'l 
longitudinal vortices occur. This seems to be the main cause of 
the laminar flow b r e a k d o w ~ . .
The beginning of turbulence is first shown by the change in 
the velocity field which alters.the mean temperature profile 
further d.ounstream. Moving downstream the mixing becomes very 
intense to produce fully developed turbulent flow. 
In order to present an effective summary of the available 
literature, the remainder of this chapter is divided into a 
6 
discussion of the laminar, transition and turbulent regions of 
~ ~ ." 
an inclined flat plate. Table 2.1 gives a brief resume. 
FIGURE 2.1 
2.2 LAMINAR FLm'l 
Fully turbulent flow 
Region of adjustment of 
turbulent parameters 
Thermal transition 
Beginning of transition 
Mean secondary motion 
Amplification of 2 and 3 
dimensional disturbances 
Laminar flow 
MECHANISMS OF TRANSITION IN WATER 
Tautz (1943) showed that the heat transfer coefficient on an 
inclined plate in air was independent of angle up to 45 0 from the 
vertical and between 450 and 900 decreased linearly with angle. 
Since then, several papers have shown theoretically that by 
neglecting the pressure gradient in the direction normal to the 
plate, the heat transfer correlation could be expressed as 
.1. 
Nux ~ ( G r x c o s ¢ ¢ Pr)4 
-TREATMENT PLATE CONDITIONS ORIENTATION OF PLATE TYPE OF FLml EXPERIMENTAL O : B S m V A . T I O ~ T S S
INVESTIGATOR FLUID Plate Lateral Lateral Floil If.a.ss Ex:peri Theoret- Iso- Constant Other Upward Downward Laminar Trans- lfurbu- Surface Te!Ip. Velocity Visualisa.- T!'3.l1s-mental ical thermal qll facing facing it ion lent Temper- Profile Profile tion far 
: ature 
Schmidt (1932) I" air Not known, I / 'I 
Tautz (1943) / air Not known Not known I I. I I Schuh (1948) / any I I I' I I Rich (1953) I I air I I I I I. Merk and Prins (1954) I any I / I I 
Inger (1955) I I air I I I I I I Levy (1955) I any I ~ ~ / I I Plapp (1951) / any Any / I I Enikeev (1958) I I / / I . I air -Tritton (1963a) I air I I I I I I Tritton (1963b) I air I I I / ~ l i c h i y o s h i i (1964) I any I / / I Lock, Gort and Pond (1961) / air I / l / Kierkus (1968) / / air / / / / / I / Vliet (1969) I water and air / I / / / / \ung and Oetting (1969) I air I / I / / Sparrow and Husar (1969) / water / / l.· 
Hassan and Mohamed (1910) / air / / / / / . Lloyd and Sparrow (1910) / wa.ter / / / / Fujii and lmura (1912) / water I / / / / Le.J and Lock (1972) / '/ I /' I I Lloyd, Sparrow and / electrolytl3 unifor.m I / / / 'I Eckert (1912a, b) So = 2000 c o n c ~ : : l . t : : , a . - j ; i o n n
Pera and Gebhart (1973a) I / air / I / / / / Pera and Gebhart (1973b) I / air / / I I Haaland and S p a r r o w ( i 9 7 3 a ~ ~ ./ i?r = .7,2,6.7 I . / / I Haaland and Sparrow(1973b) / Pr = 6.7 / / l;;-er a ~ l d d Kelly (1914) ',/ / 'I / Kahawita & Meroney (1974) / '/ .1 / .-I 
TABLE 2.1 S"JMMA3Y OF AVAILABLE LITERATURE 
' . 
8 
where ¢ is the angle of inclination measured from the vertical, 
i.e. using the value of the gravitational force parallel to the 
plate surface. This correlation implies that the heat transfer 
coefficient is the same for both upward-and downward-facing 
plates. 
LevY (1955) solved the integral form of·the boundary layer 
equations 'for an u p w a r d - f a c i ~ g g isothermal plate. His method of 
solution waS to first solve the equations by-neglecting the 
pressure in the direction normal to the plate. From this first 
approximation, the neglected term was evaluated and a second 
approximation was obtained. The second approximation was 
.l... 
480 4-
I .- .g. tan¢ (orxPr) 
t 1 _! t rl ( 480 )!] ! 
• 6 an}U OrxPr 
Michiyoshi (1964) solved the governing equations by assuming 
that the plate could be represented by a thin ellipse. His 
analysis showed that the average heat transfer coefficient of the 
lower surface was. larger than the;upper surface and both coeffi-
cients increased as. the a ~ g l e . . approached the vertical. 
Both Kierkus (1968) and Pera and Gebhart (1973a) presented 
perturbation analyses for two-dimensional laminar natural con-
vection about an inclined plate using the classical boundary 
layer solution as the zero order approximation. Kierkus (1968) 
covered a range of angles from _600 ;. ¢ ~ ~ 600 and found agree-
ment between the theory and his experiments. Pera and Gebhart 
(1913a) considered the range of angles 900 ;. ¢ " 820 and obtained 
some agreement between their theory and experiments. 
In both analyses, it was shown that perturbation analysis 
had only a slight effect on the temperature distribution but a 
large effect on the velocity profile. 
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Experimental studies of laminar natural convection have been 
more numerous than the theoretical studies. Rich (1953) u s ~ d d an 
approximately constant-heat-f1ux narrow plate and an inferior 
quality interferometer to determine the temperatures. The 
boundary layer temperature profiles were lower than predicted by 
theory while the heat transfer coefficients were in good agree-
ment with the vertical plate theory provided the gravity component 
parallel to the surface was used. 
Using a similar experimental arrangement to that used by 
Rich (1953), Inger (1955) obtained heat transfer coefficients 
from a constant-heat-flux inclined plate from the horizontal 
£acing down, through the vertical to the horizontal facing up. 
His data did not agree with the simple inclined plate theory, the 
heat transfer coefficient increasing after 300 and _600 from the 
vertical. This peculiar behaviour may be ~ t t r i b u t e d d to the 
narrOlmess of his plate (3 in. wide x 12 in. long). 
Enikeev (1958) confirmed the analytical prediction for a 
downward-facing plate "but when the plate faced upwards he found 
the heat transfer coefficient increased to a maximum at 600 and 
then began decreasing. 
Yung and Oetting (1969) used an unusual method of correlat-
ing their results for an approximately constant-heat-flux downward-
facing plate in air. Instead of using the gravitational component 
parallel to the plate surface, they used the ordinary gravita-
tional component and correlated their results to the vertical 
plate theory using the correlation factor (1 + cos ¢) suggested 
by Yung (1965). 
All the previous analyses have compared their data with 
isothermal surfaces, even though their heated plates were nearly 
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constant-heat-flux. Using .the integral solutions for laminar 
natural convection by Squire (1938) and Sparro,., (1955) for iso-
thermal and constant-heat-flux plates respectively, the heat 
transfer correlations obtained for a Prandtl Number of 0.7 (air) 
are 
.l.. 
Nux - 0.411 (GrxPr )4 isothermal 
.1. Nux = 0.451 ( G r ~ r ) 4 4 constant-heat-flux 
There is a difference of approximately 9% between the two boundary 
conditions· indicating that in the majority of the previous papers 
the heat transfer coefficient had been underestimated. 
The first paper dealing specifically \,li th a constant-heat-
flux surface was presented by Vliet (1969). The heated plate used 
a 0.002 in. stainless steel foil as the heating element. Covering 
a range of angles from the vertical to 300 from the horizontal 
facing up he obtained the correlation 
1-
Nux = 0.6 ( G r ~ ~ Pr c o ~ ~ ¢ ) ~ ~
which compared well' ",ith theory. 
Covering the full range of angles from the horizontal facing 
upwards, through the vertical to the horizontal facing dOl'ml'lards 
position Hassan and M o h a ~ e d d (1970) obtained heat transfer corre-
lations for an isothermal inclined plate. The data were correlated 
using g cos ¢ \'1i th a maximum deviation of less than ±. 10% for a 
range of angles of -150 ~ ~ ¢ , 600 • 
Experiments on natural convection mass transfer adjacent to 
vertical and up\,lard-facing plates were performed by Lloyd, 
SparrO\·l and Eckert (l912a, b). The local laminar mass transfer 
coefficient agreed very ,·mll \,li th the analytical prediction. 
Fujii and Imura (1912) extended the measurements dOl'm to 50 
from the horizontal for a. down\-rard-f'acing plate and their results 
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universally accepted. Vliet (1969) using a constant-heat-flux 
plate took the beginning of transition"as the point at which 
the temperature of the heated plate began to decrease. Others 
have used the fluctuations of velocity or temperature in the 
boundary layer as an indication of instability ~ ~ Godaux and 
Gebhart (1974) suggested that the amount of energy entering the 
boundary layer gave a good indication of the point of transition. 
Numerous papers dealing with transition on-inclined surfaces 
are -available, the majority dealing with the upward-facing plate. 
Tritton (1963b) was the first to experimentally show that the 
flow on the underside of a heated plate is more stable than that 
above the plate. Using a schlieren system in air, Lock, Gort and 
Pond (1967) showed that the disturbances adjacent to a heated 
plate were wavelike, the frequency and "lavelength of these dis-
turbances being little affected by inclination. 
Using an electrochemical technique developed by Baker (1966), 
Sparro\-l and Husar (1969) found longitudinal vortices. Lloyd and -
Sparrow (1970) studied this problem further using the same tech-
niques. For an upward-facing plate, their results showed that 
between 00 and 140 from the vertical, waves Mere .. the mode of 
instability. For inclinations greater than 170 the instability 
_was "characterised ...bY: l o ~ g i itudinal vortices. Bet"reen 140 and 170 
the two modes c o - e x i s t ~ d . . Pera and Gebhart (1973b) have questioned 
Baker'o technique of flo\-1 visualization, pointing out that gas 
bubbles produced in the method could have generated additional 
fluid circulations. 
The transition data obtained by Vliet (1969) for an upward-
facing inclined plate were tuo orders of magnitude greater than 
that for a ~ ~ isothermal plate. This difference may be due to the 
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differing boundary conditions or ,the hea·t capacity of the plate. 
The mass transfer technique of L l o y d ~ ' ' Sparrow and Eckert 
(l972a,b) gave transition criteria much higher than other 
investigators. They attributed the discrepancy to the large 
"difference betl'ieen their Schmidt Numbers and the Prandtl Numbers 
',used in heat transfer experiments and also to the lack of dis- , 
turbances in the flow. 
Pera and Gebhart (l973b) using an upward-facing plate in 
air, obtained values of transition near the horizontal. Their 
work also included details ~ f f the separation of the flow. 
The theoretical aspects of the instability of natural con-
vectionflowon a vertical plate are now very well understood. 
Two-dimensional linear instability theory correotly prediots the 
oharacteristios and disturbance amplifioation for instability. 
G e b h ~ t t (1973a,b) has recently reviewed what is known about suoh 
effects. Plapp (1957) was,the first to derive the instability 
equations for natural conveotion from a flat plate but it is only 
recently that attempts have been made to 'solve them. 
Lee and Look (1972) presented an'analysis but the terms 
involving the non-parallel effeots of the Dean flow "lere neg-
'leoted. Haaland and Sparrow (l973a) showed that this assumption 
led to significant errors and they took into account the s t r e ~ ~ ~
ldse variation of the basic floH and ter:1perature fields. This 
moved the neutral stability curves to higher Grashof and "rave 
numbers. In a later paper (l913b) they sho\1ed that the curves 
are displaoed touards lO,\ier Grashof !lumbers as one goes from a 
dOl'nlWard-faoing plate to an upward-faoing plate. The range of 
unstable wave numbers is greater for upl'lard-£acing plates than 
downward-faoing plates. 
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Using the parallel flow model Iyer and Kelly (1914) s h o ~ r e d d
theoretically the change in instability from waves to longi-
tudina1 vortices for an upward-facing plate. To correlate the 
theory with the experimental results it was necessary to calculate 
the total amplification of each disturbance from the theoretically 
predicted point of onset of instability ,to the point of observa-
tion of instability. Simi1ar'conclusions were obtained by 
Kahawi ta and. ~ t e r o r i e y y (1914) using linear perturbation theory. 
Pera and Gebhart (1913b) have studied theoretically the flow 
adjacent to horizontal and nearly horizontal upward-facing 
plates. They correctly predicted the trend of the stability 
limits but their results were not in as good agreement as the 
work on the vertical plate. 
Finally, it has been sho\ffl by Gebhart (1969) that a direct 
comparison between experiments involving natural disturbances and' 
linear stability theory should not be made. Natural disturbances 
involve disturbances of many frequencies and amplitudes whereas 
the theory only considers a'single frequency and, to be able to 
detect instability, the disturbances will have'to be amplified 
before instruments will detect them. 
2.4 TURBULENCE 
Very little information is available in the literature for 
turbulent natural convection from inclined surfaces. Levy (1955) 
modified the equations of motion set out by Eckert and Jackson 
(1955) using the gravitational component parallel to the plate 
surface. For an isothermal plate he obtained the equation 
, !.. :? '2 2 
Nux = 0.0295 Pr 15 (1 + 0.494 Pri)-'i (Grxcos¢)i 
for angles near the vertical. 
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Tritton (1963a) studied turbulent natural convection above a 
heated isothermal plate inclined at loP to the horizontal. He 
obtained temperature and velocity profiles but no indication of 
the range of Grashof Numbers is given. 
The work of Vliet (1969) was the first extensive study of 
turbulent natural-convection above a c o n s t ~ ~ t - h e a t - f l u x x plate. 
He obtained the heat transfer correlation 
Nux = 0.30 (Gri Pr)0.24 
for 00 ,. ¢ ,600 • It should be noted that he found that the 
inclination made no effect on the heat transfer, i.e. he used 
the ordinar,y gravity component rather than the component parallel 
to the plate as suggested by Levy (1955). Also, from this equa-
tion,it will be seen that the heat transfer coefficient decreaseA 
with distance up the plate. Vliet found that the index of the 
Grashof llurnber varied from 0.22 for the vertical plate to 0.24 
for the horizontal plate, the best fit data giving an index of 
0.24. 
Using a mass transfer technique, Lloyd, Sparrow and Eckert 
(1972a) obtained local turbulent natural convection mass transfer 
coefficients for an upward-facing plate. They presented their 
results as 
S ~ ~ = constant (Grx Sc)! 
where Shx and Sc are the local Sher\'lood Number and Schmidt Number. 
Their results covered a range of angles from 00 to 45 0 • The 
con:3tant uas found to be a function of the angle of inclination. 
The use of the gra.vi tational component parallel to the plate 
surface did not correlate the data and it \'rould appear that 
constant CIC ¢ 
The d i ~ £ e r e n c e s s between the results of Vliet (1969) and Lloyd, 
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Sparrow and Eckert (1972a) are not understood. The plate 
boundary conditions were not identical; Vliet (1969) using a 
constant-heat-flux plate and Lloyd, Sparrow and Eckert (1972a) 
the equivalent of an isothermal plate. Also the Sclimidt Numbers 
of the mass transfer experiments were 500 times the Prandtl 
Numbers used in the water tests. 
From this brief review, it will be seen that there are still 
a large number of gaps in our knowledge of inclined plate natural 
convection, particularly from constant-heat-flux surfaces. No 
accurate laminar boundary layer temperature or velocity profiles 
have been obtained, even for the vertical constant-heat-flux 
plate. Transition data are only available for an upward-facing 
plate and no data areavailable on turbulent natural convection. 
It was therefore the aim of this project to attempt to fill some 
of the gaps in our knol.zledge. 
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CHAPTER 3 
THEORETICAL CONSIDERATIONS 
3.1 THE GOVERNING EQUATIONS 
The mathematical difficulties involved in the exact solution 
of the momentum and energy equations are numerous even for very 
special Cases. In this chapter the integral-momentum 'techniques 
of von Karman (1921) and P ~ h l h a u s e n ( 1 9 2 l ) ) are used to solve the 
boundary layer form of the equations. 
The continuity, momentum and energy equations governing the 
non-steady flow of a compressible fluid are given below: 
£E.. Dt + P div ~ ~ • 0 • •• (3.1) 
Dv 
PIS. - VP + IJ V 2 ~ ~ + -3- IJ Iy (V _.. ~ ) ) (3.2) p-= • • •• Dt 
DT 
• V ~ ~ VT + pr Dp/Dt + q"', + ~ ~ (3.3) PCp Dt • •• 
where ~ ~ is the dissipation function. given by 
(at 0 0)- 2 [-- a 2 . ~ ~ 2 2\ 2 ] ~ ~ • (I- - ~ J l ) ) \ ~ ~ + 0; + ~ ~ + 21J (ox) + (0;) + (ai) 
[(OV E.1l.)2 ( ~ ~ 2\v)2 ( ~ ~ 21!)2J' 
+ IJ ax + oy + oY + az + 0 Z + oX 
In this chapter we will only consider natural convection 
flows due to temperature-caused density changes. Equations 
(3.1), (3.2) and (3.3) show the complexity and coupling inherent 
in natural convection problems. The motion results because of 
local density changes caused by changes in temperature, hence 
equations (3.1) and (3.2) are coupled to equation (3.3). It is 
convenient to replace p by p'. = p + poogi! the pi'ezometric 
p r e s ~ u r e , , which has the property that it is constant in the 
external fluid and varies in the boundary layer only. When this 
is done equation (3.2) becomes 
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PDv 
---Dt • 
( ) Vp " 2 1 V (" ) poo -P K - + IJV Yo + ~ I J J .... Yo 
The system of co-ordinates is shown in Figure 3.1. The 
origin is taken at the bottom of the heated plate with the body 
force acting downwards. It is customary to take· the angle, ¢, 
as being positive when the heated surface is facing upwards and 
negative when the heated surface is facing downwards. 
Wall temperature, T{x) 
Ambient Fluid 
Temperature, T-
FIGURE 3.1 CO-ORDINATE SYSTEM 
To reduce the complexity of the problem, the following 
assumptions are made: 
1. The flow is steady, two-dimensional and i n c o m p r ~ s s i b l e . .
2. The heat source, q"', is zero. 
3. The physical -properties remain constant except for the 
densi ty and changes of densi ty a . r ~ ~ only allowed to . 
influence the mathematical model by the production of 
the buoyancy force. 
4. The dissipation function, ~ ' , , is negligible as shown by 
Gebhart (1962). 
5. The buoyancy force may be written using the Boussinesq 
approximation as: 
K (poo - p) • E,p{3 (T - Too) 
(sce Gebhart (1973a) for a more detailed discussion of 
the approximations involved.) 
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The system of equations now reduoes to: 
ou+ oVa 0 
ox oy 
au a 10' ' , 
u- + v-E a -- ~ ~ + gP(rr - '100) cos rl + ex ey p IOlX ' 'P 
02u 02u 
II (ox2 + ay2) 
OV ov 1 ~ ' ' . Uax + vay = --p ey + 91'(T - Too) sin ¢ + 02v o2v II (ox2 + oy2) 
oT 'oT ko'2r + o2r 
uox + VTy a pCp ~ ~ ox2 , Oy2) 
The boundary oonditions assooiated with the above set of . 
equations ares 
ere stt 
y • 0, u = 0, v = 0, dY = - k 
y .. 00' u .. 0, v .. ,0, T.. Too 
The measurements of Schmidt and Beckmann (1930) in a flow 
around a heated vertioa1 plate showed that the boundary layer was 
thin compared with the height of the plate. Hence, the e q u a t i o n s ~ ~
may be further simplified using Prandt1's boundar,y layer theory 
by as suming . 
The equations now reduce to: 
au ov 
ox + oy • 0 ••• " (3.4) 
~ ~ ~ ~ 10 '., ~ ~
u:':'x + 'l-;;-y = -- E.E. + 91' (T - Too) cos ¢ I I ~ ~IOl Q POx " +ay:2 ••• 
, 1 EE 
o • --p oy + 9{3 (T :- Too) ••• (3.6) 
oT 01' 02T 
uax • Vay· a oy2 ••• (3.7) 
where a. k/ pCp 
The pressure terms in equations (3.5) and (3.6) are eliminated 
by differentiating equation (3.6) with respect to x and then 
inteerating with'respeot to y •. The result is 
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agreed with theory. For angles between _85 0 and _900 from the 
vertical, the d a t a ~ e r e p l o t t e d d using the ordinary gravitational 
1 
component giving Nux &:II: Grx'. For an upl-1ard-facing plate covering 
a range of angles from 00 to 850 their data again followed the 
analytical prediction but ~ h e e scatter was much worse than for the 
downward-facing plate. 
2.3 INSTABILITY AND TRANSITION 
There are two common causes of instability, viz thermal and 
hydrodynamic. Thermal instability occurs when a heavier fluid 
overlies a lighter fluid causing a tendency to motion. This is 
~ h e e case for an upward-facing heated flat plate. Hydrodynamic 
instability is caused by the forces acting on the fluid amplifying 
the everpresent disturbances in the flow and producing a breakdown 
of the laminar flow. For an upward-facing inclined flat plate the 
tendency is to thermal instability, whereas when the plate is 
facing downwards there is a tendency to stabilize the flol-1. 
The experimental determination of transition from laminar to 
~ u r b u l e n t t flow on a vertical plate has received a considerable 
amount of effort but there is still poor agreement on the results. 
This is perhaps because no accepted standard has been used to 
determine the start and finish of transition. 
A commonly used procedure is to calculate the beginning and 
end of transition from the Nux - Rax relationship, there usually 
being a noticeable change in the relationship. This procedure is 
not foolproof. Fujii, Takeuchi, Fujii, Suzaki, and Uehara (1970) 
found tha.t in fluids with large Prandtl Uumbers there was no 
noticeable change. Kato, Nishiwaki and Hirata (1968) suggested 
the ratio of the shear velOCity to the buoyancy velocity should 
be a good guide to instability but this method has not been, 
• 
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Substituting this result into equation ( 3 ~ 5 ) ) gives 
. ou ou . rl 0 roo ( ). ri o2u 
u ox + ~ . . 9fJ (T-Too) c o s ~ ~ + ox Jy 9P' T-Too sln)pdy+v ey2 : : ~ ' ' { J ~ 8 } }
For fluids with a Prandtl Number near unity (strictly Pr = 1) 
it may be assumed, that the hydrodynamic and thermal boundary 
layers have the same t h i c k n ~ s s . . Integrating equations (3.8) and 
(3.7) on this assumption with respect to y from y = 0 to y = 8 
and eliminating v by using equation (3.4) we obtain 
. . 
. fx t U2dY, L& g{l (T - T ~ ) ) cos ¢ dy + L& fx. [& gfI (T - r..) sin ¢ dydy 
_ v du I 
dy 0 ' ••• (3.9) 
and 
d 15 J5 d 2 . dx . u(T - t,) dy. a ri:2 (T - 'to) dy 
o 0 dy ••• (3.10) 
Equations (3.9) and (3.10) are the integrated boundary layer 
equations for an inclined flat plate with the new boundary 
conditions 
dT - ~ ~ •• 
y = 0, u = v = 0, dy = T 
y = 5, u = 0, T . ~ ~ Too 
3.2 STEADY LAMINAR BOUNDARY LAYER FLOW 
To evaluate the integrals in the momentum and heat balance 
equations, the velocity and temperature distributions in the 
boundary layer are ~ ~ i t t e n n as polynomials in y whose coefficients 
are functions of:. Experimental evidence has shown that the 
velocity profile may be represented by a cubic polynomial 
2 
U = ul t (1 - t) • •• (3.11) 
where ul t is a characteristio velooity. The polynomial satisfies 
the boundary conditions 
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y a 0, U 0:: ° 
Y 1:1 8, u 1:1 ° and ~ ~ = ° (smooth fit condition) 
but gives a maximum velocity too far from the wall and of too 
great a magnitude (8% high): 
The temperature profile may be approximated by the parabola 
~ ~ 2 
T - T ~ ~ 0:: 2k (1 - t) 
which satisfies the boundary conditions 
dT .:att y = 0, dY = k 
: •• (3.12) 
Y :I 8, T 1:1 T ~ ~ and : ~ ~ 0:: ° (smooth fit condition) 
The polynomials for the velocity and temperature distribution are 
substituted into equations (3.9) and (3.10) and after integration 
the boundary layer equations assume the fo11o\-r1ng forms 
••• 
••• 
These equations will first be solved for the special cases of the 
vertical and horizontal plate and approximately for the inclined 
plate. 
3.2.1 Laminar Natural Convection from a Vertical Plate 
Equations (3.13) and (3.14) were firsi' 's'olven by Siegel (1954) 
and Sparrow (1955) for a constant-heat-f1ux vertical plate (¢ = 00 ) 
following the method of Squire (1938). The variables are separated 
by means of the substitution 
ul = C1 x C2 
o = C3 x 04 
IntrodUCing these into equations (3.13) and ( 3 ~ 1 4 ) ) gives 
For the equations to be valid at any position on the plate, the 
. . 
exponents must have the same values in both equations. The 
constraint is satisfied for C2 = 3/5 and 04 = 1/5 and the 
£ollowing solution is obtained 
/ -2/5 , , 2/5 /' 60 t Pr2 5 (0 8 + Pr) t I (q Bg) :x 3 5 
Ul - 3602/ 5 ex • kv 2 ••• 
I / / t. -1/5 / o = 3601 5 Pr-2 5 (0.8 + Pr)l 5 ( q k l l , e ~ ) ) x 1 5 
••• 
or in the more usual form 
••• 
3.2.2 L ~ ~ i n a r r Natural Convection f r ~ m m a Horizontal Plate 
For the horizontal plate, cos ¢ = O. Equations (3.13) and 
(3.14) are solved by separating the variables using the same 
substitutions as in Section 3.2.1 giving 
and 
u1 = 5.313a Pr§ (.&7 + Pr)-i (q"8g).s x! (sin ¢)! 
k1l2 
or in the more usual form 
i A ~ 1 / 6 6 * 1/6 1/6 Nux = 0.595 Pr (7 + Pr) Grx (sin ¢) ••• (3.18) 
The sin ¢ term has been retained in equation (3.18) to describe 
the orientation of the plate. For the horizontal plate facing 
upwards (sin ¢ = +1) the boundary layer starts at the plate edge 
and moves inwards· whereas for a horizontal plate facing downwards 
(sin ¢,= -1)· the boundary layer thickness is a maximum at the 
centre of. the· plate and decreases ui th the flow moving towards 
23 
the plate edges. As this solution assumed that the boundary layer 
originated at the plate edges and grew inwards, equation (3.18) 
is only valid for an upward-faoing horizontal plate. 
\' to" 
3.2.3 APProximate sOlution'for' an'inolined'flat plate 
From equation (3.13) it may be' shown that the buoyanoy foroes 
in, the x and y direotions are the same order of magnitude for 
angles of inolination greater than 11501 from the v e r t i o a l ~ ~
C C . Substitution of u1 = Clx 2 and 0 = C3x 4 into equations (3.13) 
and (3.14) yields 
c\. • p'gCOS¢C3x2C4 
6k 
••• (3.20) 
The differing values of C2 and C4 obtained in the two limiting 
oases (vertioal plate and horizontal plate) indicate the 
impossibility of obtaining a general solution for all angles of 
inolination (at least while retaining ul c CIXC2 and 0 = 03x04). 
To overcome this problem, the equations have been solved 
by three approximate methods: 
a. Ignoring the sinl¢ term in equation (3.19) 
b. Calculating the sin ¢ term in equation (3.19) using e 
horizontal plate solution 
o. Caloulating the sin ¢ t ~ r m m in equation (3.13) from 
solution a. 
By ignoring the sin ¢ term in equation (3.19), i.e. the 
pressure gradient across the boundary layer, equations ( 3 ~ 1 9 ) ) and 
(3.20) may be solved in a similar manner to the vertical plate 
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solution giving 
NUx = 0:616 Pr2/5 (0.8 + Pr)-1/5 ( G r ~ ~ cos ¢)1/5 ••• (3.21) 
This solution ,ms first obtained by Schuh (1948): 
. The second method of solution is to, assume that the constants 
02 and 04 derived from the vertical plate solution hold over most 
angles of inclination. These values are substituted in the first, 
second and fourth terms of equation ( 3 ~ 1 9 ) ) and equation (3.20). 
The value of the constant 04 in the sin ¢ term is taken from the 
horizontal plate solution (04 = i ) ~ ~ Solving equations ( 3 ~ 1 9 ) ) and 
(3.20) for 03 gives 
05 = 360. pr-2[0 •. 8 + Pr _ ~ " t 9 g s i n ¢ ¢ Pr2 c§l ( ~ ' ' 'agcos¢) -1 ) 
3 .1440 kll2 3 J kv 2 ••• (3.22 
In Section 3.2.2 it was shown that the horizontal plate solution 
was only valid for an upward-facing plate. Experiments have 
s h o ~ m m (see, for example, Birkebak and Abdulkadir (1970» that data 
for both the upward- and do'\'m,\,lard-facing horizontal plates may be 
represented by 
for a constant-heat-flux plate. The constant C5 is a function of 
Prandtl Uumber. Knowing that Nux = 2x/0 and 0 =I C5xl/ 6 then 
6 . kv 2 1 26 
C 3 ... ~ l 1 q q i i Pr ~ ~
and on substitution this gives 
1/5, 
o = 3601/ 5 Pr-2/ 5 [0. 8+Pr _ 0 .. ~ g 4 4 prsin¢]' , 
0·, 
. 5 
-1/5 (A' • agcos¢ ) .. ~ 1 / 5 5
\ kv2 . 
and . 
Ul:2 6 ~ / 5 ' ' a pr2/ 5 [o.8+pr - 0'14 prsin¢]-2/5 (4' 'pgcos¢) x3/ 5 360 C kv2 
".'r 
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or in the more usual form 
-i-
llux • 0.616 Pr
2/ S [o.s.pr - 0 · C ~ 4 4 4 prsin¢] ( G r ~ c o s ¢ ) I / S S
5 
••• (3.23) 
The final method of solution is to evaluate ~ ~ ~ in the third 
term of equation (3.13) from the approximate inclined plate 
solution (equation (3.21» for 0, i.e. 
do = '3601/ 5 Pr-2/5 (0.8+Pr)1/5 ( 9 t t ~ g c o S ¢ ) - 1 / 5 5
dx 5 kv2 
-4/5 x 
= 3 ~ 0 1 / 5 5 Pr-2/5 (0.s.Pr)1/5 (Gr:cos¢)-l/S ••• (3.24) 
The solution proceeds in the same manner as before Giving 
Uu;::=O. 616. Pr2/ 5 ( O ~ ~ 8+Pr)-1/5 (1+0.487 f ( P r , G r ~ , ¢ ) ) tan ¢)1/5 ( G r ~ c o s ~ ) 1 / 5 5
•• ~ ~ (3.25) 
\<There 
f ( P r , G r ~ , ¢ ) ) = Pr-2/ 5 (o.a + Pr)1/5 ( G r ~ ~ cos ¢)-1/5 
A comparison of the three approximate solutions fora down-
uard-fo.cing plate is shovm in Figure 3.2. The results lo'1ere 
calculated f ~ r r Pr = 5 (water) and G r ~ ~ = 1010• The constantC5 
in equation (3.23) was obtained from the results of Fujii, H o n d ~ ~
and I,lorioka. (1913) for a dOl-inward-facing horizontal plate. Their 
results gave C5 = 0.51 for Pr = 5. From this figure it may be. 
~ ~
seen/that equations (3.21) and (3.25) only begin (0 deviate f r o . ~ . , . .
each other for angles of inclination less than -15°, whereas '", ' 
equation (3.23) is up to 14% lO\'lcr. The large difference in 
, ~ / /
, ' 
;equation (3.23) is due to an overcorrection from the sin ¢ term 
in equation (3.19). 
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advanced the solution of a system of ordinar,1 differential 
equations using a number of steps of l<terson's form of the 
Runge-Kutta method (see 1 4 a y e r ~ ~ (1962» ~ ~
Equations ( 3 ~ 1 3 ) ) and ( 3 ~ 1 4 ) ) were made non-dimensional using 
the substitution 
and after rearrangement we obtained two ordinary differential 
equations 
wi th the boundary conditions 
X = 0, ui = 0, 5* = 0 
* dO* dUI At X ... 0, (IX and d'X .. co hence the solution was started at a 
- do*' du! finite value of X, the values of dX and CiX being obtained from 
equation (3.24) and its equivalent for ul. When 
x ... L, X ... 1, G r ~ ~ = G r ~ ~ and lTux = 2/5* 
The subroutine obtained an estimate of the local truncation 
error at each step, and varied the step length automatically to 
keep this estimate belo\,l a given error band. When the programme 
was run ,-nth negative angles of inclination (dowm-rard-facing 
plate) the step length became too small and the subroutine 
, 
terminated the p r o g r a ~ e . . It was felt that this was due to the 
singularity at the plate leading edge and it waS not possible to 
overcome the problem. 
These equationo \'lere solved for ¢ ... 0° to ¢ = 90° over a 
range of Prandtl and Grashof Numbers·. The data were then correlated 
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in the form 
4 °a Nux = 01 (Grx Pr) 
Table 3.1 gives values of 01 and Os for Pr = 0.1, 1 and 10 
for various values of angle of inclination. Figure 3.3 shows 
the variation of 01 and 0a with angle o ~ ~ inclination for Pr a 1. 
Ca remains almost constant up to ¢ ~ ~ 600 after \'lhich it slowly 
decreases until Boo when t h ~ r e e is a sharp fall in value. 
Table 3.1 shows that 08 also varies with Prandtl Number. The 
constant 07 decreases until ¢ = 860 when it sharply increases. 
, 
Fujii and Imura found 'experimentally that over the range 
86.ao < ¢ ~ ~ 900, the data were best correlated using' 
4 1/ 6 Nu: o c R ~ ~
From their graphs, it is not possible to ascertain whether there 
is a gradual change of 0a from 0.2 to 0.167. 
To compare the analytical and numerical solutions, Figure 
( 3 ~ 4 ) ) shows the variation of Nusselt Number a g a i n s ~ ~ angle of 
inclination at G r ~ ~ = 1010 and Pr = 5. This graph shows that the 
heat transfer coefficient is slightly larger than that predicted, 
by equations ( 3 ~ 2 1 ) ) and (3.25) for ¢ greater than 8 0 0 ~ ~
3.3 STEADY TURBULEUT BOUnDARY LAYER FLOW 
When the flow mechanism is turbulent, equations (3.9) and 
( 3 ~ l O ) ) are valid if the terms 
dul 11 cry 0 
are replaced by 
& [ ~ . E 1 . J Jp dy, 0 and ~ : l l q' 'J& pCp o 
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Pr = 0.1 Pr = 1.0 Pr = 10 
Angle of 
Inclination 
C1 C8 C1 C8 C1 C8 
0 0.391 0.200015 0.548 0.200020 0.601 0.200000 
20 0.396 0.199618 0.544 0.199193 0.600 0.200000 
40 0.386 0.199051 0.525 0.199681 0.578 0.199850 
60 0.366 0.191860 0 . 4 ~ 1 1 0.199270 0.534 0.199650 
80 0.349 0.192912 0.423 0.196883 0.449 0.198450 
82 0.340 0.191365 0.415 0.195990 0.436 0.198011 
84 0.342 0.189195 0.409 0.194650 0.422 0.197200 
86 0.348 0.185902 0.406 0.192151 0·410 0.195610 
88 0.361 0.179993 0.420 0.186641 0.410 0.191360 
89 0.389 0.175012 0.449 0.180148 0·433 0.185663 
89.5 0.401 0.171318 0.483 0.115395 0.412 0.179603 
90 0.434 0.166635 0.552 0.166671 0.590 0.166680 
TABLE 3.1 
NUMERICAL VALUES OF C1 AND C8 IN THE EQUATION NUx ='?'7 ~ C 8 8
FOR AN UPWARD-FACING PLATE 
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The integrated boundary layer equations now become 
••• 
• • • 
Equations (3:26) and (3.27) have been solved by Eckert and 
Jackson ' ( 1 ~ 5 5 ) ) for ~ ~ i s o t h e r m ~ l l vertical flat p l a t e ~ ~ They chose' 
the following velocity and temperature profiles to represent the 
flow 
, 1.. 1/7 (1J.)4 
u = u2 (6) 5 
. ~ ~ 1/7J 
T - Too =. (Tw - Too) [-(f) _ 
h h t t ,-ff, but because t e s ear s ress T w, and the heat transfer ra e, ~ ~
cannot be calculated from these profiles (as the laminar sub-layer 
has not been taken into account), they used the follo\iing 
expressions from forced convection work 
-t 
. 2 u-;p 
t, = 0 0225 p'u (-) 
" w· 2 11 
On substitution into equations (3.26) and (3.27) and neglecting 
the sin ¢ term, the equations become 
d 2 0.Q523 di (u2 5 ) - 0.125 g/3 (Tw-TcJ 6 cos ¢ .1. Uf -4 
- 0.0225 u ~ ~ (---) 
11 ••• 
• • • 
These equations were solved by Siegel (1954) for a constant-heat-
flux vertical plate (cos ¢ = 1) by replacing (Tu - T oJ by 
f f 
4 
Equations ( 3 ~ ~ 28) and ( 3 ~ ~ 29) 
nott become' 
33 
0.615 p r ~ ~ vt • 1;. ~ ( U 2 & ) t J J
U2 (U25) 
- 0.0225 2 11 
.1. 
-4 
••• 
••• 
Equations (3.30) and (3.31) may be solved by using the substi-
o "0 tution u2 = C9x 10 and 5 .. 011% 12 giving 
Nux = 0:0804 Prt (1 + 0 ~ 4 4 4 4 p r ~ ) - 2 / 1 1 {Gr: cos ¢)2/1 ••• 
Equation ( 3 . ~ 2 ) ) implies that, in turbulent flow, the effect of 
i ~ o l i n a t i o n n is more important than in laminar flow 
laminar flow 
turbulent flow 
(3.31) 
This is contrary to the results of Vliet who found that over the 
range ¢ = 00 to 600 , his data were best correlated by using the 
ordinary gravity component and not that p a r a l l ~ l l to the plate. 
~ h e e results of Lloyd, Sparrow and Eckert for turbulent natural 
convection mass transfer from an upward-facing inclined plate 
.1. 
show that the constant = S"hd (GrxSCcos ¢)3 varies appreciably 
over the range of angles ¢ = 0° to 45°, the constant increasing 
as ¢ increases. The results of Lloyd, Sparrow and Eckert were 
for Schmidt numbers 500 times larger than the Prandtl numbers 
used by Vliet which might explain the discrepancy. 
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CHAPTER 4 
Mm'HODS OF MEASUREMENT OF TEI,tPERATURE AND VELOCITY 
Due to the non-isothermal conditions in natural convection 
heat transfer experiments, the measurement of velocity can be 
difficult. The low velocities make calibration of a n ~ m o m e t e r s s
difficult. In the turbulent region, the fluctuating temperature 
field produces difficulties in interpreting the non-linear 
anemometer signals and the low frequency of turbulence necessi-
tates long integration times. In this chapter, details of the 
temperature and velocity sensors are described together with the 
calibration of the velocity sensor. 
4.1 ~ t E A S U R E M E N T T OF T E I , ~ P E R A T U R E E
As wo were only interested in measuring mean temperature 
profiles, the frequency response of the sensor,was not important. 
The requirements for the sensor were that it must be robust, have 
a stable calibration and be cheap. It should preferably have a 
linear response and require little instrumentation. A suitable 
sensor which filled these requirements was a copper-constant'an 
thermocouple. 
In the design of the thermocouple, the main consideration 
was to minimise the effect of conduction along its leads. To 
overcome this problem, a length of thermocouple wire was placed 
after the hot junction parallel to the test surface as shown in 
Figure 4.1. ' 
stainless steel sheath 
Araldite 
--_. thermocouple bead 
. ~ ~ ~ ' . . ~ ~ " .' 
'FIGURE 4.1 THE TEr.IPERATURE PROBE 
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4.2 MEASUREnENT OF VELOCITY 
4.2.1 Survey of Velocity Sensors 
In natural convection flous, a velocity sensor must be 
able to measure very low velocities, of less than 60 mm/sec 
in water. In the turbulent region, where the velocity fluc-
tuations are of the order of ! 10% of the mean velocity, it is 
necessary to average the yelocity for up to one minute or 
longer. There are various methods available for the measure-
ment of low velocities and these will be discussed in turn. 
The various methods are listed below: 
1. pressure difference ,dth a pitot-static tube 
2. hot-wire anemometry 
3. quartz fibre anemometry 
4. optical techniques . 
Using a pitot-static tube, it will be necessary to measure 
a pressure difference from 0 to 10-4 mm H2O. This may be 
achieved by weighing the pressure as described by Head (1912). 
A top-loading balance is used as a micromanometer. A sketch of 
the arrangement is shown in Figure 4.2. 
~ ~ pressure in 
. 
- -
--.... 
L J 
J I 
FIGURE 4.2 SKETCH OF MICROlWlOHETER 
fixed upper drum 
annul ar 1 i qui d 
seal 
balance 
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By a suitable choice of drum and balance, the sensitivity of 
the arrangement may be increased. However, excessive lag might 
become a problem, and continuous evaporation of the liquid 
forming the seal might create difficulties. 
The principle of hot-wire anemometr,y* is that the velocity 
of a fluid flowing past a thin electrically heated wire can be 
related to the heat transfer from the wire. The sensitive 
element of the anemometer is a thin wire suspended between two 
supports or,a thin metal film deposited on a quartz support. In 
conducting liquids, fibre or film probes with a thin quartz 
coating are used instead of wire probes. The anemometer may be 
used in either a constant-current mode or in a constant-
temperature mode. In the former, t h ~ ~ resistance of the wire 
allows the heat transfer, and so the velocity, to be calculated. 
The most frequently used method is the constant-temperature mode 
where the resistance of the wire is kept constant by controlling 
the voltage across it. This mode has greater'ease of operation. 
As. the heat transfer from the sensor is proportional to the 
temperature difference between the fluid and sensor, a change in 
fluid temperature will cause a change in bridge voltage. For 
natural convection flows, the probe will have to be calibrated 
for both changes in velocity and temperature. 
. I 
Doubt has been cast on the use of a hot-wire anemometer in 
turbulent natural convection flows by Kutateladze, Kirdyashkin 
'and Ivakin (1972), suggesting that the velocities are too low 
and the turbulence too high. Nevertheless, Cheesewright (1968), 
* The term hot-wire includes hot-fibre and hot-film probes unless 
otherwise stated. 
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Vliet and Liu (1969) and Dring and Gebhart (1969) have success-
fully used hot-\'nres. 
A quartz-fibre anemometer measures the velocity by the 
deflection of a fine quartz fibre cantilever. This system has 
been described by Tritton (1963c) who obtained mean and 
fluctuating components of velocity in a turbulent natural 
convection flol-l. The main disadvantage of this system is that 
it, is very labour intensive. 
Various optical techniques have been developed which depend 
on measuring the velocity of a tracer particle in the flo\'l, 
usually by photography. Eichhorn (1961) used a colloidal 
suspension of finely divided particles of elemental tellurium 
produced by an electrolytic reaction. The ~ e e has a very lou 
settling rate and a low rate of diffusion. The method has been 
successfully used by Birkebak and Abdulkadir (1970) for natural 
oonvection from a dOl'm\-1ard facing horizontal plate. Brodowicz 
and Kierkus (1965) used dust particles and flash photography to 
obtain velocity profiles in air. Gaster (1964) used a similar 
procedure by introducing small neutral density particles into 
the flow and measuring their velocity from the frequencY,of 
reflected light passing through a diffraction grating. The 
final method to be discussed used a flash pyrolysis method 
described by Popovich and Hummel (1967). A dilute solution of 
'2 - (2,4 - dinitro-bcnzy1) - pyridine in 95% alcohol is employed. 
\'lhen a high intensity light beam is exposed to the solution, a 
blue tracer line is produced which may be recorded photographically. 
Of the various options described, a hot-fibre anemometer was 
chosen as the most suitable system to use. The pitot-3tatic tube 
was rejected because of its excessive la3. The quartz fibre was 
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rejecte.d because of the difficulty of viewing the fibre when 
the plate l'ras inclined and it being very labour intensive in 
turbulent flows. The problems envisaged with the optical 
techniques concerned the determination of the distance of the 
tracer from the wall and the effects of reflection and refrac-
tion through the tank l'lindol'ls. Also, this method would not have 
been suitable for turbulent flows. 
Since the decision to use a hot-fibre anemometer was made, 
laser anemometry has emerged as a leader in velocity measure-
ments. The laser beam is scattered by particles suspended in 
the flow and the scattered light may be interpreted by optoelec-
tric means to give the velocity. A recent report by Morrison and 
Tran (1974) has shown that the laser doppler anemometer may be 
used to measure velocities down to 0.25 mm/sec ,dth a typical 
error of ± ~ . . The system is attractive as its response is 
. insensitive to temperature. However, at the time of decision on 
a choice of velocity measuring technique, laser anemometry was 
still in its infancy and we envisaged a lengthy development 
programme to implement it in the large water volumes to be used. 
in this project. 
4.2.2 Hot-fibre Anemometry 
A typical fibre probe (DISA 55F06) consists of a nickel 
film deposited on a 70 pm diameter quartz film. The sensitive 
film length is 1.25 rom giving a length to diameter ratio of 18. 
The probe is gold plated. at the ends and the nickel film is 
protectod by a qurirtz coating apprOximately 2 pm in thickness. 
The main reason for choosing a quartz coated probe was to 
e 1 e ~ t r i c a l l y y insulate the· probe from the eleotrical potential 
eradient in the water tank. The Reynolds Number (based on 
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diameter) for this probe in a flow of 60 mm/sec is 6. 
The heat transfer from the film is by radiation, buoyant 
convectio,n, conduction along the film ~ o o its end supports and 
forced convection by the fluid flow. For a typical probe. 
radiation loss is only 0.1% of the electrical input to the 
probe. From the \-lork of Collis and lii11iams (1959) for forced 
convection past thin wires, buoyant convection may be neglected 
provided 
Red> 2 V' Grd 
For a probe with an overheat ratio of 1.1 we find Grd = 0.08 
giving 
2 " '...f Gr d = 0.86 
As the Reynolds Uumber is of the same order of magnitude as 
2 3.fGrd the probe will be working in a mixed convectiol1 r e g i ~ n n
where neither forced nor natural convection forces are dominant. 
4.3 CALIBRATIon OF THE HOT-FIBRE PROBE 
4.3.1 Survey of Calibration Procedures 
It is usual to calibrate a probe against another standard, 
for example, a pi tot tube or a flou meter. For natural convec-
tion flows, these methods become inaccurate and do not usually 
include the calibration of the probe for the effects of tempera-
ture. For these types of flol-1S it is also advisable to calibrate 
the probe in a flou field similar to that in \,lhich it is going to 
be used. 
The calibration of the probe for the effect of temperature 
may be'approached in several ways. C h e e s e ~ ~ i g h t t (1968) cali-
brated a hot-uire anemometer in the 1n.'Tlinar natural convection 
boundary layer on a vertical isothermal flat plate assuming that 
the boundary layer conformed to the "theoretical solution. This 
1.0 
method,has the disadvantage that only a limited number of 
conditions of velocity and temperature are encountered and it 
does assume that the experimental,rig conforms to the theoretical 
boundary layer solution. It has the advantage that the probe is 
calibrated in a flow field similar to that in l'lhich it is to be 
used. Using a linearized hot-film anemometer, Vliet and Liu 
, 0 (1969) calibrated the prQbe over the temperature range 21 
, 45°0 at 5° intervals using a temperature regulated heated 
vessel. 
Hollasch·. ann Gebhart (1912) calibrated for the effects of 
temperature by vo.rying the overheat ratio of the hot-lure at a. 
.... 
single refer'ence temperature. They then derived an analytical 
relationship relating the anemometer output with a variable 
overheat resistance to anemometer output \uth fluid temperature 
variations. 
The final method of accounting for temperature effects is 
to use a temperature-compensated probe, which ensures that the 
overheat ratio al \layS remains constant. Tl-lo types of compensat-
ing elecent \"lere available, a tungsten \'nre coil sensor or 
another identical hot-fibre sensor acting ~ s s a resistance 
thermometer. The tungsten temperature-compensating element has 
a s l o ~ ~ response time and is only applicable to the compensation 
of changes in mean temperature, whereas the dual sensor option 
has a much higher frequency response to temperature fluctuations. 
Of the various options discussed, a temperature-compensated 
hot-fibre probe using a tungsten wire coil \'laS chosen as this 
simplified the velocity calibration procedure. The reason for 
choosing this option as opposed to the dual sensor option was 
economic, the latter option requiring a considerable outlay in 
41 
a ne\l anemomet'er system. 
Returning to the problem of velocity calibration, there are 
two basic methods of calibration at lo'u velocities. The first 
method consists of holding the fluid stationary and'moving the 
probe t ~ o u g h h it. The disadvantage of this method is mechanical 
vibration of the probe uhich obscures the output. The second 
method, developed by Dring and Gebhart (1969), is to hold the 
probe stationary and move the fluid \J'hich., is contained in a 
vessel. The advantage of this is that vibrations are reduced 
because of the relatively large mass of the fluid. Its dis-
advantage, for the present application, is that there is a 
difficulty in orientating the probe in a manner similar to that 
in the actual experiment as the angle of inclination of the 
heated plate is changed. The first method was therefore chosen. 
4.3.2 The Velocity Calibration Rig 
The calibration equipment is shown scpematically in 
Figure 4.3 and a photograph of the equipment is shown in Plate 4.1. 
The equipment was designed to simulate, as closely as 
possible, the actual experimental situation. The probe was 
driven through a large tank of de-aerated and de-ionized water 
(230 1 capacity) by a thin stainless steel rod which was 
connected via a carriage to a screwed rod. The screwed rod was 
driven via a flexible drive and reduction gears by a variable 
speed ~ ~ h.p. D.C. motor. The probe could be traversed through 
the \-later at any angle from the vertical to the horizontal as 
it was,thought that there might have been a slight difference 
in the calibration curves for differing angles. A counter-
weight lIas suspended from the carriage to reduce the vibrations 
of the probe. 
42 
. FIGURE 4·3 
FLEXIBLE 
DRIVE TO 
MOTOR. 
WATER TANK 
SKETCH OF 'VELOCITY CALIBRATION RIG. 
I 'j 
.. ~ . .
(.!) 
e:: 
. ~ ~
.. ~ ~
C) 
..-
r--
,- < ~ ~
. 
· ... 1· t:c 
~ ~
: . ~ ~.. 1 .e .... 
! - ~ ~ .-1 
.< -' ""-:. 
( U ...... 
u.. 
l!J 
to 
0 
0:: 
,,-
1 


44 
A pair of miCrOSl-li tches (51 and 55) were used to stop 
the probe at the ends of its travel.' A Venner Digital Counter 
Model 1131 lolaS used to time the travel of the probe between 
microsl-1itches 53 and 54 which had previously been set at a 
known distance apart. 
The temperature-compensating element, together with a 
matching network, was connected to a DISA 55 DOl anemometer 
together with the hot-fibre probe (55F06). The output from 
the anemometer was recorded on a Bryan's/Southern Instruments 
XY/t plotter and a DISA Digital Voltmeter. The system is shol-m 
in Figure 4.4. The XY/t plotter was automatioally started by 
miorosldtoh S2. Details of the matching network are given in 
Appendix A. 
4.3.3 Exnerimental Procedure 
The following prooedure was used to oalibrate the fibre 
probe. The angle of traverse was first set and the probe 1o1aS 
then moved to its starting position. The uater in the tank was 
allowed to settle \ L ~ t i l l the output voltage from the anemometer 
was steady. The XY/t plotter and Venner Timer were re-set. 
The motor was then switched on to give the desired velooity. 
The probe moved a short distance before the XY/t plotter 
was triggered to allol"l the flow field around the probe to 
stabilize. A short time later the timer was triggered. 
It was found that the zero velocity output voltage from the 
anemometer \-las very sensitive to vibration and could vary by up 
to 6%., 
The probe was oalibrated at three angles of traverso, 0°, 
600 and 810 , the velocity ranging from 0 to 80 mm/sec. 
DISA 5500' 
ANEMOMETER 
EXTERNAL 
BRIDGE 
ARM 
MATCHING 
NETWORK 
0--
55F06 
OISA 
OISA 
55030 DIGITAL 
DC VOLTMETER 
TEKTRONIX 
OSCIL LOSCOP E 
TEMPERATURE-
COMPENSATING 
E L E M E N T ~ ~ HOT - FIBRE PROBE. 
• 
.. 
FIGURE 4·4 
VELOCITY CALIBRATION SYSTEM 
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4.3.4 Presentation of Calibration Data 
Various universal correlations have been suggested for 
correlating the heat transfer from hot-wires. In situations 
where the buoyancy force may be neglected, the universal 
correlations like King's Law or the 0.45 law give a useful 
• 
. -. 
guide to the best w ~ ~ of plotting the results (see' Bradshaw 
(1971»". When b ~ o y a n c y y forces are important these forms of 
correlation do not hold. The data were therefore plotted as a 
. . 
graph of anemometer output voltage against velocity and a best 
fit curve was fitted (see Figure 4.5). 
given in equation (4.1) 
The best fit curve is , 
u (mm/sec) = 653.37 383.67e + 82.76e2 
7.84e3 + 0.28e4 ••• (4.1) 
where'e "is the output' voltage from the anemometer. 
This was used to calculate the velocities from the 
anemometer output voltage. 
Within the scatter of the data, there is no noticeable 
, 
difference between the calibration points for each angle of 
traverse for velocities less than 30 mm/sec. Above this value, 
there was some divergence of the data for differing angles but 
as no velocity profiles were obtained above this value, 
equation (4.1) was assumed to be only a fit for velocities 
less than 30 mm/sec. 
-f.I) 
~ ~
0 10 > 
-UJ ~ ~ . )t+ 
C> 9·5 
« !:i 
9-0 I . ~ ~ )(x 0 
> 
J-
:::> 8·S / 0- f 0)( I-
:::> 
0 a·o 
a: ~ ~
"...:I UJ 
" J- 7-5 SYMBOL ANGLE OF w 
2 TRAVERSE 
0 7-0 + 0° 2 60° UJ 0 
Z X 81° 
« 6-S 
6-0 
5-5 I l - , 
o 10 20 30 40 50 60 70 80 90 
FI G U R.e· 4 -5 PROBE VELOCITY (mm/sec) 
CALIBRATION CURve FOR HOT- FIBRE PROBE 
5.1 INTRODUCTION 
48 
CHAPTER 5 
EXPERIMENTAL APPARATUS 
This chapter describes the two experimental rigs together 
with their respective instrumentation. A small rig was built 
for investigation of the, laminar flow region and a large rig for 
investigation into the transition and turbulent regions. 
There are tl'lO methods of heating which will produce a uni-
form heat output from the heated plate, either direct electrical 
heating of a thin metallic foil or electrical heating elements, 
for example, mineral insulated cable. Using a thin metallic 
foil, one can ensure a uniform heat flux provided the foil has a 
low thermal coefficient of resistance. To obtain a large heat 
output it is necessary to use a high current because of the low 
resistance of the foil. Using separate heating elements one 
cannot guarantee as uniform a heat. flux, The small rig used 
individual heating elements and the large rig used direct heating 
of a thin metallic foil. 
One of the main problems in the design of the rigs was caused 
by corrosion. The majority of components for use underwater were 
constructed from copper, brass or stainless steel. It was inevit-
able that some components "rere made of mild steel due to the 
higher cost of, or difficulties in obtaining, the former materials. 
In this event, the steel was painted to isolate it from the water. 
5.2 THE SMALL IUCLINED PLATE RIG 
5.2.1 A General Description of the Rig 
The general arrangement of the rig is s h o ~ m m in Figure 5 ~ 1 . .
It consisted of a small galvanized iron water tank (230 1 capacity) 
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0.9 m long by 0.6 mhigh by 0.6 m wide mounted on a steel frame. 
The tank had several perspex ldndows so that the heated plate 
could be viewed from any direction. Both the inside and outside 
of the tank were painted with matt black paint to reduce stray 
light when photographing the flow. 
The light source used for illuminating the particles for 
flow visualization gave a narrow parallel beam of light. A 
commercial 12-volt motor car fog lamp ~ m s s found to give a suitable 
light source. The perspex'window opposite the plate was covered 
with thick black paper and a sheet of wood except for a 2 cm wide 
vertical slit for the light to pass through. The lamp was air-
cooled to prevent it from overheating. 
The heated plate was suspended from the top of the tank. The 
support structure was designed such that the plate could be sus-
pended at various heights in the tank. At angles of inclination 
near the vertical, a large depth of water was required above the 
. 
trailing edge of the, plate. At angles of inclination near the 
horizontal a greater depth of water was required below the plate. 
The inclination of the plate could also be adjusted in the z 
direction (i.e. the width of the plate). This was particularly 
important uhen the plate lias horizontal. 
A draubridge principle was used t ~ ~ change the angle of 
inclination of the plate. The angle l'laS set approximately with 
a protractor and accurately with a plumbline and clinometer. 
Plate 5.1 shows a photograph of the rig. 
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5.2.2 Details of the Heated Plate 
The construction of the heated plate is shown in Figure 5.2. 
The heat transfer surface was a stainless steel sheet, 29.2 cm 
l o n g ~ ~ 5 1 ~ " 3 3 cm wide and 6.35 rom thick. This gave a boundary layer 
thickness to plate width ratio of 1:20. Slots, 1.5 mm'deep and 
1.5 mm wide, were milled along the width of the plate every 
25.4 mm from the leading edge to accommodate thermocouples and 
to reduce the heat flo't'l along the length of the plate. After the 
thermocouples were "installed by:glueing down with 'Araldite', the 
grooves were filled with silicon rubber. With this construction, 
the effeotive thermal conduotivity in the longitudinal direction 
is only 83.6% of the effective thermal conductivity in the 
transverse direotion. The thermocouples l'lere manufactured by 
spark-welding a junction at the end of 36 gauge BS 1828 copper-
oonstantan wire insulated with insuglass. The mean diameter of 
the thermocouple beads was 0.75 mm. 
Behind the heat transfer surface were eight electrical seam-
less strip heaters each of 400 watts capacity, whioh were held in 
position by pressure. The heaters were separated from each other 
by 6.35 mm tufnol strips, once again to reduoe longitudinal 
conduction. 
A 12.1 mm thick layer of Sindanyo insulation (an asbestos 
cement board) was placed behind the heaters followed by 3.115 rom 
of low thermal conductivity Refrasil fibre insulation and then 
15.61 rom of Sindanyo. Thermoooupies similar to those mentioned 
previously were glued to this sheet of inSUlation for the 
calculation: of heat loss. The whole assembly was mounted in a 
tufnol frame and uaterproofed with silicon rubber and black nylon 
paint. 
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5.2.3 Instrumentation 
The power through each heater unit was regulated by an 
individual variac and was measured with a precision Sangamo-
Weston wattmeter with an accuracy of ± ~ ~ ~ ~ The wattmeter had 
previously been ·calibrated. To ensure no voltage fluotuations 
in the heaters, the power was supplied from a oonstant voltage 
regulator with an output voltage of 230 volts rms and a maximum 
load of 3 kW. 
The heated plate thermoooupies were reoorded on a twelve-
point Cambridge P. 180 Chart temperature reoord@r with a full 
scale defleotion of 500 0. The· instrument had good stability and 
repeatability. An A.E.C. oold junotion thermostat was used for 
the reference temperature. The thermocouples were oalibrated 
in situ between 150 0 and 600 0 by heating the water to the 
d e s i r e ~ ~ temperature and allOwing the rig to attain steady state. 
The results indicated that the thermocouples were accurate to 
within ± 1%. Three thermooouples were used to measure the bulk 
water temperature. These were positioned at heights of 0, 12 
and 30 em above the heated plate leading edge and placed equi-
distant between the heated plate and the end of the water tank. 
5.2.4 Heat Flux Distribution 
A finite element computer program which solves steady state 
heat conduction problems was used to model the heat flux distri-
bution in the heated plate. In the finite element method, the 
structure is dissected into small manageable components which are 
then analysed and merged together. The oomputer program used 
here was the PAFEC 70 + Scheme (1972) developed in the 
Department of Mechanioal Engineering, University of Nottingham. 
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The heated plate was divided into a series of8 noded 
two-dimensional quadrilateral elements, with the following 
boundary conditions: 
1. No heat loss from the ends of -the plate 
2. Heat transfer coefficient on the heat transfer 
surface = 332 W/m2K 
3. Heat transfer coefficient on the insulated surface 
of the rig = 84 W/m2K 
4. Heat flux from the heaters = 3700 W/m2 
The resulting heat flux distribution.is shown in Figure 
5.3. The dips in the curve are caused by either the thermo-
couple or the insulation separating the heaters. At 0.175 m 
from the leading edge, there is a sharp drop in the heat flux 
caused by a thermocouple and the heater separation insulation 
being next to each other. The graph shows that the heat flUx 
varies'by ± 11%. 
5.3 THE LARGE INCLINED PLATE RIG 
5.3.1 A General Descriution of the Rig 
Plate 5.2 shows a photograph of the rig. It consisted of a 
large mild steel uater tank (2,500 ,q capacity), 1.83 m long by 
1.83 m high by 0.76 m ~ r l d e e placed on a wooden frame. On one of 
the larger sides of the tank two plate-glass observation 
windolis were installed and on the adjacent side wall a narrow 
perspex windou was installed. Both the inside and outside of 
the tank were painted with a polyurethane-based anti-corrosive 
paint •. Details of the design of the tank are given in 
Appendix C. As there was no electrical insulation between the 
heated plate and the water, a lid was fitted.to the tank. 
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Mioroswitohes were fitted to the lid suoh that the rig oould not 
be swi tohed on until it \-las olosed. The light 'souroe for flow 
visualization and the heated plate support struoture were 
similar to those of the small rig (see Seotion 5 . 2 ~ 1 ) . .
5.3.2 Details' of the Heated Plate 
The heated plate, 1 m long and 0.6125 m wide, oonsisted of 
an eleotrically-heated copper-niokel sheet baoked by a phenolio 
sheet and silioon rubber as shown in Figure 5.4. The heating 
eiement oonsisted of five strips of 0.05 ± 0.002 mm thiok and 
12.2 ± 0.05 cm wide foil (46% Cu - 54% Ni) heated by alternat-
ing ourrent. The strips were plaoed adjaoent to eaoh other 
with a spacing of 2 u ~ ~ between them and oonneoted in series. 
The \'ddth of the foil ensured a uniform eleotrical distribution 
within ~ ~ 6%. The foil had a very stable resistanoe, its 
resistanoe ohanging by only 0.2% for a 500 C temperature change. 
The centre foil was the test seotion with the remaining four 
~ o i l s s aoting as guard heaters. Thirty-three insulated oopper-
constantan (0. \,\'!. "' ... .\._) thermocouples were glued to the inner 
surface of the test section and hlelve across the plate to 
check for any variation due to edge effects. The thermocouple 
leads were placed along isotherms for approximately 5 em before 
being passed through the insulation. 
Behind the foil was a 1.58 mm layer of silicon rubber. 
This was used to fill up the gap between the thermocouple leads 
and the phenolic insulation and also to allow for thermal 
expansion of the foil. To ensure a good bond between the foil 
and the silicon r u b b e r ~ ~ the foil was first ooated with a thin 
film of 'Evostick ' adhesive which uas allol-1Cd to dry. Careful 
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attention ",'as given to ensuring that no air pockets were present 
in the silicon rubber. 
The phenolic insulation was 2 2 ~ 2 2 ± 0.05 rom thick. Thin 
film thermocouples were glued to the insulation for the 
calculation of heat losses. 
- The whole assembly was mounted on a brass angle frame and 
waterproofed ~ d t h h black nylon spray except for the heat trans-
fer surface. 
5.3.3 Instrumentation 
5 . 3 . 3 . ~ ~ Power Sunply 
The power supply was a Brentford Regulating Unit Type 
RO 30/04 comprising an autol'lound regulator together with a 
double wound stepdown transformer. The regulator ~ l a s s immersed 
in oil and copIed naturally. With an input of 415 volts at 
50 Hz the transformer gave a stepless output of 0 to 82.4 volts 
wi th a maximum current of 375 amps. 
The output current from'the transformer was measured with 
a Crompton Parkinson ammeter (0 - 5 amps) using a current 
transformer (B.S. 3938 Class AM/AL) \'uth tappings of 0 - 100 
amps and 0 - 200 amps. The voltage drop across the test section 
was measured with an Avometer calibrated to ± ~ ~ . . A check was 
made on the pOl-1er factor and \d thin the accuracy of the equip-
ment it was found to be 1. 
5.3.3.2 Data ACQuisition System 
The heated plate and bulk thermocouple emf's were recorded 
on maenetic tape using a data acquisition system shown in 
Figure 5.5. The thermocouple leads were t r u ~ e n n to an isothermal 
enclosure uhere the constantan leads \-lore all connected to the 
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cold junction thermocouple which l'laS placed in crushed ice. 
The remaining copper leads "lere then ·taken through a Solatron 
multiplexer. The output from the multiplexer and cold junction 
was fed to a T e k t r ~ n i x x 3A9 AC/DC coupled differential ampli-
fier. The amplifier was housed in a Tektronix Oscilloscope 
(Type 565) which also displayed the signal. The amplifier had 
excellent common-mode-rejection and high g a ~ n n characteristics. 
The amplifier was set for a gain of 500 and its output was 
,fed to an Ampex F.!·!. tape recorder. Each time the multiplexer 
, std tched channel, it sent an electrical impulse t'lhich was 
recorded on another track of the tape recorder. 
5.3.3.3 The Processint; Softl'1are 
,Figure 5.6 shows the output from the differential amplifier. 
On switching to the next channel, electrical noise "las p r o d u c e d ~ ~
by the multiplexer. The signal then changed to its new value 
after the electrical transients had died away. The analogue 
signal was converted to digital form using a PDP 8 minicomputer, 
the software having been written by Cooper (1914). The timing 
signal, 't-lhich initiates the ADO (analogue, to digital conversion), 
was produced 35 ms after the multiplexer had switched. The Ana 
programme then waited for 600'ms, to allow the transients to 
die away, before taking 1,000 samples of the ~ i g n a l l and 
averaging them to give a mean value. By taking several samples 
of the signal after the ADO had started, it was found that after 
600 ms the digital value remained constant, indicating that the 
t r a n s i ~ n t s s had died away. 
5.3.3.4 The Traverse'1-techanism 
The probe traversing mechanism is ShO\'lIl diagrammatically in 
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Figure 5.7. It was permanently fixed to the rig so that the 
probe always entered the boundary layer perpendicular to the 
plate. 
The traverse mechanism consisted of a 1 mm pitch screw 
which was rotated from the outside of the rig via a flexible 
drive. Due to some play in the nexible drive and screw 
thread, the movement of the probe carriage was measured with 
a vernier gauge and ruler. It was read by a telescope through 
.the inspection windows. 
The mechanism was bolted to a carriage which moved·along 
the length of the plate on two stainless steel rods at a 
d i s t ~ c e e of 20 cm from the plate. The carriage could be set 
at 10 cm intervals up the plate. 
5.3.3.5 The Temperature Probe 
The temperature in the boundary layer was measured with 
a copper-constantan thermocouple probe with 0.2 mm diameter 
~ r l r e s , , as described earlier in Section 4.1. Two systems were 
used to record the thermal emf, one for laminar flow and the 
other for turbulent flow. 
In the laminar boundary layer, the emf was measured with 
a Solatron LM 1604 digital voltmeter. As it \,las necessary to 
measure a fluctuating signal in the transition and turbulent 
. regimes, a system similar to that used for measuring the 
heated p l ~ t e e thermocouples was used. The signal was fed via 
a. high gain, D.C. amplifier to an Ampex F.N. tape recorder. 
The resulting analogue signal was then analysed on a PDPll/05 
minicomputer.to give mean and r.m.s.values of the tempera-
ture. At each position of the probe, the signal \'laS recorded 
for 100 sec. 
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The position of the plate surface was determined by 
moving the probe slowly towards the wall until an electrical 
potential ,\-las recorded between the thermocouple and the 
plate, i.e. the thermocouple was in electrical contact with 
the uninsulated plate foil. The probe was then slowly 
moved away from the wall until no electrical contact was 
evident. Using this pro?edure, the probe could be positioned 
to within 0.05 mm. 
5.3.3.6 The Velocity Probe 
Details of the velocity probe have been given earlier in 
Section 4.3. The instrumentation was identical to that used 
in the calibration procedure. The procedure used to determine 
the plate surface position in Section 5.3.3.5 was not suitable 
, for use '\-n. th the hot-fibre anemometer. The probe carriage was 
modified so that the probe would stop 0.39 mm .. from the plate 
surface while a thermocouple p r o b ~ , , situated 5 mm to the side 
of the hot-fibre probe, was in contact with the uall. 
The distance between the plate surface and the probe was 
determined using a theodolite which could measure angles to 
within t second. By measuring the angle between the probe and 
.its reflection from the heated plate, it was possible to 
calcUlate the distance of the probe from the wall provided the 
distance between the probe and the theodolite was known. Tests 
with a dummy probe showed that the probe could be positioned 
within 0.05 mm. 
5.3.4 Develonmcmt'of the Baffle Svstem 
The results from the small rig had shown that care should 
be taken to ensure that no unwanted flo\-1s '\-lere present in the 
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main bulk of the fluid a'!iray from the plate. Therefore, bulk 
flow patterns outside the boundary layer were observed by 
photographing small particles suspended in the water and 
illuminated by the light source. 
. 
Neutral density polystyrene particles of mean diameter 
0.25 mm were used as the tracer particles rather than 
aluminium particles and introduced into the tank through a 
funnel and glass tube. The reason \-ras that the heated plate , 
was not insulated and the aluminium particles could have 
caused a short circuit. The polysty.rene particles were not 
as successful as the aluminium platelets (0.01 mm2) used in 
the small rig because of their higher drift velocity. The 
drift velocity of the aluminium particles was of the order of 
1 mm/sec compared with 5 mm/sec for the polystyrene p a r t i c l e s . ~ ~
Their drift velocity was also a ver,r strong function of 
surface tension and fluid temperature. At angles near the 
horizontal, it "las found that the.particles drifted upwards; 
and stuck to the plate surface. Using polystyrene particles, 
it was very difficult to vie,'l the motion near the plate surface 
and because of their fast settling rate it was also difficult 
to obtain good photographs of the flo\·I. 
Initial flow visualization results showed that ,dth the 
rig running at full pouer, several large recirculating vortices 
were produced, similar to those sho"m in Plate 6.lb. Three 
vortices , .. ere observed, reaching over half-"lay doun the plate. 
To prevent the vortices forming, several baffle systems were 
tried a.'ld the sY3tem found to be most suc'cessful \'rill be 
discussed here. Figure 5.8 shows the baffle and cooler . 
configuration chosen. 
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The plume of water leaving the trailing edge of the plate 
rose to the surface of the water and extended along the top of 
the tank producing a vortex. An adjustable baffle was used to 
prevent the vortex disturbing the main bulk of the fluid. At 
the top right-hand corner of the tank, a tubular heat exchanger 
was used to remove the heat input. The heat exchanger consisted 
of 5 m of 25 mm Dore finned tube through which tap '\vater at 
approximately constant temperature was passed. Typical flow 
rates through the heat exchanger '\'lere 0.3 to 0.4 kg/s removing 
approximately 30% of the input heat from the heated plate. The 
remaining heat was either lost by natural convection from the 
walls of the tank and evaporation of the water or slowly 
increased the overall water temperature. The cooled water then 
flowed slowly d o ~ m m a passage at the far end of the tank 
oPposi te the heat transfer surface. The water ~ l a s s a l l o ~ l e d d to 
fil ter S l O ~ l l y y into the ma.in bulk of the flUid, firstly through 
a perforated perspex sheet and secondly through a 20 cm gap at 
the bottom of the tank. 
Plates 5.3 and 5.4 show the change in flow pattern for a 
vertioal plate with and, without the baffle system. In Plate 
5.4, f19lv,.particle streaks are very distorted away from the 
plate and the particles may be seen to be moving horizontally 
t O ~ l a r d s s the plate surface indicating a vortex.· These streaks 
are not presen"!; in Plate 5.3. The adjustable baffle l'TaS 
horizontal. 
As the position of the plate 1'1aS changed, it. was necessary 
to' chan'ge 'the angle of the adjustable baffle to retain the gap 
be"t"'leen the trailing edge of the heated plate and' the edge of 
the.baffle. Plate 5.5 shows the flow distribution near the 
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plate, the adjustable baffle being at 150 from the horizontal'. 
For angles less than -450 the adjustable baffle was not required, 
, 
a vortex forming above the plate but not interfering with the 
f101'1 beneath the plate. At angles less than _800 the plate ltlaS 
moved higher in the tank so that a larger volume of \-later was 
\ 
beneath the plate and the complete baffle system was removed but 
the cooler retained. Plate ~ . 6 6 shotls a streak photograph of the 
polystyrene particles as they fell past the trailing edge of the 
plate inclined at -14.50. 
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CHAPTER 6 
EXPERIMENTAL PROCEDURE·, RESULTS AND DISCUSSION 
FOR THE SMALL HEATED PLATE 
The heat transfer results for the small and large rigs are 
presented and discussed separately. The reason for separating 
the two sets of data is that the small rig is not a true constant-
heat-flux surface, as described earlier in Section 5.2.4. Most 
of the heat transfer results for 'the small heated plate have 
been published (see Warneford and Fussey (1974)) and this chapter 
will elaborate on the method of analysis and presentation. 
6.1 EXPERIMENTAL PROCEDURE 
Before a series of experimental runs was performed, the 
water in the tank was de-aerated by heating it electrically to 
about 600 - 700 C and then cooling it to room temperature. The 
water remained de-aerated for approximately three weeks, after 
which time air bubbles began to appear on the heated plate and 
the \-later was then changed. The angle of inclination of the 
plate was set and the heaters sm tched on to the des.ired power. 
Eight of the front plate thermocouples were monitored continuously 
on the temperature recorder and the remaining thermocouples were 
switched through into the last four positions of the recorder. 
For each experimental run, approximately half an hour was required 
for the plate to reach a quasi-steady state, and it took about 
five minutes to record a set of experiments. Between each run, 
the water was stirred to ensure an even temperature distribution 
in the main bulk. The water Was then left for half an hour to 
allow the disturbances to die do\-m. • 
The heat transfer measurements were obtained for the follow-
ing angles of inclination: 
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00 _150 _300 -450 -570, -75°, _80°, -85°, -90° , , , , 
and heat fluxes of'approximately 
0 ~ 5 , , 1:0, 1 ~ 6 , , 2.1, 2.6, 3.2, 3.6, 4'.2kW/m2 
Bulk flow patterns outside the boundary layer were observed 
" 
,by photographing small " aluminium particles suspended in the water 
and illuminated by the light source. The aluminium particles 
were first wetted with 'Teepol' and then introduced into the 
water with a syringe. 
Flo\,l visualization photographs were obtained for the follow-
ing angles of inclination: 
00" -170, -300, -450, -570,' _800, -850, -900 
with approximate heat fluxes of 1.<> and 2.6 kT,'l/m2• 
6.2 METHOD OF ANALYSIS OF THE RESULTS 
The temperatures recorded on the chart recorder were first 
corrected using the calibration data. The temperature drop across 
the stainless steel front plate was then calculated and from that 
a new front plate temperature was obtained. From these tempera-
tures, the Nussel t, Grashor" and Prandtl Numbers were calculated 
using the equations 
Nux· hx x ~ ~ II ... k ... k (Tw - T ~ , ) )
* s.fI:J ' , x4 Grx = 
kv 2 
Pr ... a v 
The physical properties of the water were taken from various 
sources, details of which are given in Appendix D. Several 
suggestions have been made as to which temperature should be used 
to evaluate the fluid properties. Sparrow and Gregg (1958) 
suggested the reference temperature formula: 
"Treferenoe = Tw - 0.38 (Tw - '1'00) 
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As the main effects take place very near the wall, it has been 
suggested that the wall temperature should be used to evaluate 
the properties. ~ h e e most commonly-used reference temperature was 
the mean film temperature defined by: 
~ r e f e r e n c e e :t ""2" 
and this will be used here. 
As there was some thermal. stratification of the fluid (for 
one or two runs the temperature rise in the fluid was 80% of the 
temperature rise up the heated plate), it was necessary to use a 
local temperature difference. For the vertical plate, this was 
straightforward but when the plate was inclined one had to decide 
at what height in the tank the bulk temperature should be taken. 
~ h e e flow visualization photographs ShOl-led that the fluid 
.. 
entered the boundary layer horizontally up to angles of inclina-
tion of -850 • The bulk temperature may be evaluated horizontally 
away from the plate of measurement (T ) or at the edge of the 
001 
boundary layer perpendicularly away from the plate at some 
.distance from the plate ( ~ ~ ) (see Figure 6.1). 
. 2 
---------
FIGURE 6.1 
E F F E C ~ ~ OF S T R A T I F I C A ~ I O N N 011 THE BULK TU1PERATURE C A L C U L A ~ I O U U
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There could be up to a 4% d i f f e ~ e n c e e in the two bulk temperature 
r e a d i n g s ~ ~ As it was difficult to estimate the thickness of the 
boundary layer (unless one used a temperature probe),. it was 
decided to use the 'temperature TOOt as in all prac.tical si t u a t ~ o n s s
this was the position most readily calculable. 
The dimensionless groups were correlated for each angle of 
inclination using the following equations: 
Nux = KI(Gr: Pr)0.2 
* K3 Nux = K2(Grx Pr) 
••• 
••• 
(6.1) 
(6.2) 
The best fit curve was obtained using a least squares fit (see 
Appendix B). The procedure for correlating the data to the latter 
equation l':as to taka logaritlll'ns of the Uusselt and Rayleigh 
Numbers and correlate these transformed quantities. As the 
dependent variable has been transformed, it is neoessary to apply 
a weighting faotor. Cox and Hayes (1973) suggest the appropriate 
weight, wn, is: 
evaluated at the nth data point, giving: 
This prooedure was used in the least squares ourve fitting routine. 
All the data l'rere correlated using the ,last two equations 
and the following ~ \ ' t " e e e correlations suggested by various authors: 
• •• 
\ 1 * t Nux = K 5 ~ ~ ~ (Pr + 0.8 - K6 Pr sin ¢)-!' (Grx OOS ¢)"i • •• 
UUx = K7 pri ( p r + o . 8 r i ( 1 + K 8 f ( P r ~ · G : r : - ~ , ¢ ) t a n ¢ ) ; ' ' ( G r : o o s ¢ ) ~ ~ • •• 
l'lhere 
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The constants (Ks, [6, [1' [8) in the latter two equations 
were evaluated by minimising the sum of the squares of the 
residuals, i.e. 
See Appendix. B. 
In all the correlations, the standard deviation was defined 
as: 
In all experimental work, there are some data points which 
look dubious 'in comparison \,1i th the main bulk of the data. 
Holman (1971) suggests the use of Chauvent's criterion to elimi-
nate these dubious points. Chauvent 's criterion says that a 
reading may be rejected if the probability of obtaining the 
- 1 particular deviation from the mean is less than 2n \-1here n is the 
number of readings. The data were re-correlated after the 
dubious points had been eliminated. 
6.3 LOCAL HEAT TRAnSFER DATA 
6.3.1 The Vertical and Inclined Plate 
Figure 6.2 shows the temperature difference between the plate 
and the fluid along the plate,for various heat fluxes for the 
vertical plate. From this graph, it may be seen that: 
1 
. l!.T a x -; 
as predicted by theory (see Section 3.2.1) •. The thermocouple 
nearest the trailing edge always indicated a lower temperature and 
. 
this was thought to be caused by either the effect of the trailing 
edge or recirculating flo\·19. The difference between the thermo-
couples on the centre line and those near the edge of the plate 
..t:as less than 3%, indicating that the flow lIas two-dimensional. 
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Figure 6.3 shows the wall temperature distribution as a ' 
fun:ction of angle of inclination. As the angle of inclination 
neared,the horizontal position, the effect of inclination 
became more prominent and produced larger temperature differences 
(6Tw) because of the thicker boundary layer. 
Table 6.1 gives the values of the constents in equations 
(6.1) and ( ~ . 2 ) ) together with their percentage standard 
deviations. 
Angle of Equation (6.l) Equation (6.2) 
Inclination K1 SD(%) K· K3 SD(%) 
0.0 
- 15.0 
- 31.0 
- 45.0 
- 57.0 
- 75.0 
- 80.0 
- 85.0 
2 
.587 10.28 .506 .207 
.. 563 10.06 .415 .214 
.557 5.97 .600 .197 
.521 6.70 .538 .199 
.468 6.41 .437 .203 
.412 5.86 .435 .198 
.359 6.83 .358 .200 
.312 4.53 .292 ' .203 
TABLE 6.1 
THE VALU:ES OF THE CONSTANTS IN 
EQUATIONS (6.1) AND (6.2) 
9.54 
8.48 
6.02 
6.80 
6.12 
5.98 
6.79 
4.28 
In some cases the percentage standard deviation for equation 
(6.2) \-laS higher than for equation (6.1). This was due to the 
weighting employed in the least squares fit for equation (6.2). 
4-
The variation of Nux against Gr;x:Pr cos ¢ is ShOlm, in Figure 
6.4 for all the experimental data obtained, and the following 
two expressions were obtained: 
Nux = 0.546 ( G r ~ r r cos ¢)0.2 
Nux = 0.455 ( G r ~ r r cos ¢)0.20B 
••• 
••• 
(6.6,) 
(6.7) 
\ ~ i t h h standard deViations of 9.04% and 8.34% r e s p e c t i v e l y ~ ~ For 
i. 
, , eo 
0.3 
" E 
-
w X + 
~ ~ 8 O . ~ 5 5-. t 
i W 
<., (!) , 
f Z 
0 x 
<{ 0.2 
w 
...J 
~ ~
0 
a: + IJ.. 0.15 
w 
u 
z 
« 
t- 0.1 + tf) 
c 
0.05 
0 
8 12 16 20 24 
Tw- T GI 
FIGURE '6·3 
DISTRIBUTION OF t,,- T(I) AS A 
F UNCTION OF I Nell NAT ION 
0.5x102 ------------------------------------------------------------1 
.. 115 NlX= O.546(OrxPr cos Ii) 
., -.. ~ ~
• <I ••• :...... • 
.. :: 
• 
". . 
.. e .• 
. .. . ... ~ ~ ..... 
SYMBOL 
• 
» 
A 
9 
o 
• 
<> 
+ 
•• • 
ANGLE 
0° 
_15· 
_30· 
-I.S' 
-5'" 
_75· 
_80· 
-85· 
0.5x101L-------__ ~ ~________ _L ________ ~ ~__________ ~ ~________ ~ ~________ ~ ~
10 6 107 10'0 
FIGURE 6-4 
LAMINAR NATURAL CONVECTION FROM THE SMALL RIG 
82 
¢ = 00 , the data agree well (within 9%) ~ t h h the experimental 
results for a laminar constant-heat-flux vertical plate solu-
tion of Vliet and Liu (1969) and ~ t h h the theoretical predic-
tions for the same situation by Sparrow and Gregg (1956). 
Yung and Oetting's (1969) correlation 
0.602 ( rI) ( * )..!. Nux = 2 1 + oos 'P Grx Pr s ••• (6.8) 
proved to oorrelate the data satisfactorily. The main disadvan-
tage of this equation is that when ¢ = _900 , the oorre1ation 
*.1 *1 gives Nllxa Grxs rather 'than Nux a Gr;; as predioted in Seotion 
3.2.2. 
The data l-lere also oorrelated using equation (6.4). The 
result, 'uhich determines the oonstants ill this equation, is: 
_t 1 
Nux = 0.609 Pr;'-[(Pr+0.8)-0.938 Pr sin ¢ ~ 5 ( G r : : oos ¢)s ••• (6.9) 
. with a standard deviation of 7.7%. The oonstant KS differs by 
1% and K6 by 30% from those predioted by theory. It was not 
possible to minimise the oonstants in equation (6.5). This was 
because the function 
* K8 f(Pr,Grx ' ¢) tan ¢ < - 1 
o a u s e d , 5 ~ ~ (I+K8f(Pr,Gr:,¢)tan ¢ to beoome complex. This indioates 
that equation (6.5) does not take the effeot of ino1ination into 
acoount as much as is necessary. 
The various correlations are compared in Figure 6.5 with 
the experimental data. The results for Miohiyoshi's analysis 
(1964) have been modified from the ordinary Grashof Number to 
the modified Grashof Number and equation (6.9) has been evaluated 
at Pr =' 5. Miohiyoshi's solution lies below the others, but 
this was to be expected a.s the solution \iaS .for an isothermal 
p l ~ t e . . In spite.of this, if his results were normalised against 
0·7 
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the vertical plate, then from 600 to 900 his solution would lie 
above the remaining three correlations. 
6.3.2 The Horizontal Plate 
At the outset, it was not the intention of studying in great 
detail the heat transfer from a downward-facing horizontal plate 
but it was thought useful to obtain some heat transfer coefficients. 
In recent years, there has been an upsurge in interest in the 
horizontal plate. It is generally agreed that a boundary layer 
develops on the plate, the fluid f l o ~ d n g g from the centre of the 
plate to the edges. It may be shown from hydrostatics that the 
pressure at the centre of the plate is higher than at the edges, 
causing the 1'lol1 to move to the plate edees. All theoretical 
analyses have assumed that the boundary layer approximations are 
valid but Rotem (1970) questioned this assumption and gave evidence 
that the thermal boundary layer i n c r e a s e d ' ~ r l t h h increasing Rayleigh 
Number. l ~ o r e e recently Aihara, Yamada and Endo (1972) have shown 
experimentally that the possibility of obtaining similarity 
solutions is denied. 
Two other problems "lhich were apparent when studying the 
horizontal plate were the effects of the edge conditions and 
whether the problem was two- or three-dimensional. Restrepo and 
Glicksman (1974) have shown that edge conditions are very import-
tant and that the heat transfer coefficient may be affected by up 
to 30%. 
As the small heated plate was not designed with the inten-
tion of studying the horizontal plate in detail, the leading and 
trailing edges were not identical and this could have caused a 
preferential flow in ona direction. 
• 
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Many authors have used side walls to try to make the flow 
two-dimensional. If care is not taken, then s e c o n d ~ ~ flows 
are produced by the side walls and these m ~ ~ stretch across 
the plate. Flow visualization photographs by Aihara, Yamada 
and Endo (1972) show these secondary flows very well. When the 
flow is unrestrained, the heat transfer coefficient is dependent 
on the size of the plate as sholm theoretically by Singh, 
Birkebak and Drake (1969) who derived the expression: 
_.1. ( ).1 Nux = 0.495 X 4 Grx Pr , 
where X is a :f'unction defined by the geometry of the plate. 
The temperature distribution along the length of the plate 
is sholm in Figure 6.6 for several heat fluxes. For the range 
of heat fluxes considered, the graph shows that over most of the 
plate the heat transfer coefficient is independent of the 
distance x. Only near the edges does the heat transfer coefficient 
increase, as l'lOUld be expected. The best fit curve through all 
the data gave: 
• •• (6.10) 
in contrast to the theoretical work of Section 3.2.2, which 
gives Nux a Or; 0. 167. 
* 1,' 
Figure 6.7 shOl-1S a graph of NUx/(Grx Pr}'i' against X/I 
where 1 is the half length of the plate. Near the centre of 
the plate, the heat transfer coefficient was seen to.be low and 
in this region a stagnation point was observed visually. l.loving 
away from the centre of the plate 
.l. he x - ~ ~
and near the edges of the plate, the heat transfer coefficient 
increased as the boundary layer decreased. Over the region 
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where h a x-S we obtained the oorrelation 
* 1 Nux = 0.482 (Grx Pr)7 
6.4 FLOW VISUALIZATION RESULTS 
••• 
(6.11) 
The flow visualization programme was undertaken to ensure 
that there was no flow in the main bulk of the fluid away from 
the plate. In these experiments, for angles near to the 
vertical, the trailing edge was near the free surfaoe of the 
water. When the boundary layer left the trailing edge of the 
plate, the hot water rose to'the surfaoe and moved away from the 
faoe of the plate. This caused a vortex to be produced along tho 
top of the tank, the vortex being 10 om deep. This tended to 
break up the boundary layer (see Plate 6.1) whioh would have led 
, 
to erroneous heat transfer results in this region. The effeot 
was removed by plaoing a larger volume of water above the plate. 
Flow patterns outside the boundary layer are sholm in 
Plates 6.2, 6.3 and 6.4 for angles of inolination of 0 0 , -450 and 
_85 0 • In all cases the flow moved in horizontally towards the 
plate in a similar way to the experiments of Fujii and Imura 
(1972). Plate 6.5 shows a typioal photograph for the horizontal 
plate together with a sketoh of the flow pattern. The flow was 
seen to move towards the ~ e n t r e e of the plate \"lhere it entered 
the boundary layer, a stagnation region being formed slightly 
from the oentre of the plate. This was oaused by, the plate not 
being,exaotly in the oentre of the tank and the differing edge 
conditions • 
. , 
6.5 ADDITIONAL'EXPERIMENTS, 
Some additional experiments \-lere also' undertaken to a.id the 
design of a sodium natural oonvection rig being oonstruoted by 
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the United Kingdom Atomic Energy Authority, Risley, in their 
Reactor Engineering and Materials Laboratory, and also to aid 
the design of the large rig. These experiments involved a 
study of the effects of a vertical isothermal leading edge and 
the position of a suitable cooler to'reduce stratification of 
the bulk fluid. 
In the sodium e x p e r i ~ e n t t there will be a vertical iso-
thermal wall which represents the line of symmetry of a reactor 
core catcher. To represent this in the water experiments, a 
sheet of perspex was placed beneath the leading edge of the 
heated plate. Both heat transfer and flow visualization results 
were obtained at an approximate heat flux of 2 k\i/m2 for angles 
of inclination of 
To obserVe the effects of a cooler on the overall flou 
patterns and thermal stratification of the flow, a oommercial car 
radiator, through which cold water was passed, was placed 
vertically in the tank and parallel to the heated plate (see 
Figure 6.8). 
Cooler 
FIGURE 6.8 
A R R A N G E 1 . n ~ N T T WITH COOLER 
Heated 
pla.te 
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The cooler was used to simulate approximately the situation of 
the proposed cooler in the sodium experiments., Direct 'comparison 
was not possible because of the much thicker boundary layer in 
sodium. Four sets of experimental runs were carried out at an 
approximate heat flux of 2 k l ; 1 / m 2 ~ ~
1. Heater vertical, heated plate - cooler separation 34 cm 
2. Heater vertical? heated plate - cooler separation 10 cm 
3. Heater vertical, heat ed plat e - cooler separation 10 cm 
4. H e a t e r · 5 5 ~ o o from vertical, heated plate -
cooler separation 15 cm 
In each case, tHO runs were carried out; firstly with no cooling 
water flol-1, and secondly ,\,Iith the cooling water flow on. 
In all experiments, the inlet and outlet temperatures of the 
cooling wat er were monitored ,\,1i th mercury in glass thermomet ers 
and the Cooling water flow rate was measured by timing a given 
volume of water. 
Further experiments were carried out tli th the cooler placed 
horizontally near the free surface of the water and displaced 
10 cm horizontally from the heated plate (see Figure 6.8). Only 
one experimental run \'las carried out at a nominal heat :nux of 
2 kH/m2; firstly with the cooling water flow on, secondly with 
no cooling \-later and finally with the cooling water on. 
6.5.1 The effect' of a. vertical isothermal wall belot1 the leadin5 
edge 
. 0 It \'ras found that for angles of inclination of up to -79 
to the vertical, there was no flow in the region of the vertical 
\'lal1 belot1 the leading edge, as sho\'m in Plates 6.6 and 6.7. 
, 
Ho'tolever, a. change in behaviour \-las observed "lith the hea.ted plate 
in the horizontal position. This was to be expected, since with 
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a vertical wall against one edge (see Plate 6.8) the heater has 
only one free edge instead of two without any '\-rall. 
. * t 
Once again, plotting a graph of lrti:x!(GrxPr)i against x 
(Figure 6.9) we see the heat transfer coefficient is low near 
the false wall, levels off near the centre of the plate and 
increases as the boundary layer decreases near the trailing edge. 
6.5.2 The effect of a vertical cooler on the thermal stratification 
The situation with a vertical cooler near the plate surface 
is a very difficult geometry to analyse. Effectively we were 
considering natural convection in an enclosure with one wall 
heated and one cooled. The situation was much worse as there 
was also a free surface and the enclosure had many openings in 
it. 
Consider the case of a vertical cooler and heated plate '\-nth 
-
a separation of 10 Cm. This had a height to separation ratio of 
3. "lith no flow through the cooler, the flow. patterns are shown 
in Figure 6.10. 
c ~ : ~ ) )
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When the plume of hot l'later left the heated plate, it cooled on 
" 
reaching the free surface and a recirculating vortex was formed. 
A vortex was also formed behind the cooler as the hotter water 
on the surface spread through the spaces in the cooler. 
With water flowing through the cooler, the flow pattern 
changed to that shown in Figure 6.11. In this case, the recircu-
lating vortex behind the c o ~ l e r r had been removed. A boundar,y 
layer was formed on the cooler which began to break up near the 
bottom of the cooler and this caused some disturbance to the 
boundary layer on the heated plate. 
FIGURE 6.11 
FLOl-l PATTERNS l'lITH THE COOLER ON 
Table 6.2 shows the effect the cooler had on the bulk temperature 
gradient. 
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Cooling water Position of heated plate flow rate in relation to cooler kg/s 
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TABLE 6.2 
THE EFFECT OF A VERTICAL COOLER OU THE 
BULK TEI.IPERATURE GRADIENT 
Tempera-
ture 
Gradient 
oC/m 
17.7 
12.7 
1.67 
9.33 
5.2 
13.0 
-. 
1.66 
. B.€?5 
In most cases the cooler made the stratification worse. The 
. 
experiments of Eckert and Carlson (1961) on natural convection in 
enclosures with one wall heated and another cooled shoued that in 
the central region between the two boundary layers the tempera-
ture was isothermal in a horizontal direction and increased in 
the vertical direction. 
6.5.3 The effect ofa horizontal cooler on the thermal stratification 
-The presence of a horizontal cooler near the free surface 
(Figure 6.B) \-las very effective in reducing the bulk temperature 
gradients. This effect might be expected, since without a cooler 
the plume of hot \-later rising from the boundary layer at the 
trailing edge of the plate tended to accumulate near the surface 
of the \'later, and therefore the cooler was absorbing the heat from 
the hot "later llhere it was collecting. 
For e x ~ ~ p l e , , on one run, the bulk temperature gradient was 
allowed to reach 8 ~ C / m m and on passing water through the cooler 
98 
this was reduced to zero after half an hour., The heat absorbed 
by the cooler was approximately equal to the total heat input to 
t ~ e e heated plate. 
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CHAPTER 7 
EXPERIMENTAL PROCEDURE, RESULTS AND DISCUSSION FOR 
THE LARGE HEATED PLATE 
This chapter is concerned with the results obtained from the 
large rig which include heat transfer data and boundary layer 
temperature profiles for the laminar, transition and turbulent. 
flow regimes. It had been the intention to obtain boundary layer 
velocity profiles but beoause of several problems only one profile 
was obtained for an angle of inclination of - 8 3 ~ 6 7 ° . .
7.1 EXPERIMENTAL PROCEDURE 
r Throughout all the experimental runs, care was taken to 
ensure that the water remained de-aerated insofar as no air 
bubbles were formed on the heated plate. All electronic equip-
ment was switched on two hours prior to any tests being taken. 
After the angle of inclination of the plate had been set, the 
water was thoroughly stirred to ensure a uniform temperature in 
the tank. The heated plate was then switched on after the 
disturbances in the water had died away (approximately' half-an-
hour). 
It took approximately forty minutes for the rig to reach a 
quasi-steady state. For the heat transfer readings, it took 
approximately one minute to reoord the heated plate and bulk 
thermocouple emf's using the data aoquisition system described 
in Section 5.3.3.2. The heat transfer measurements were obtained 
for the following angles of inolinations 
° 0 o' . ° ° o , -17.5 , -31.67 , -45.33°, -60.170 , -73.5°, -80.0 , -86.5 
and heat fluxes of approximately: 
. . . 
3.0 ~ ~ 6.5 ,13.0 ) 20.0 . kW/m2 
1_ ~ ~
The boundary layer temperature 'profiles ~ e r e e obtained by 
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taking thermocouple readings every 0.1 mm away from the plate 
surface. For the laminar flow region it took approximately 
fifteen minutes to record a series of readings. For the 
transition and turbulent regions, approximately 45 minutes were 
required when using the data aoquisition system desoribed in. 
Section 5.3.3.5. Boundary layer temperature profiles were obtained 
for the following angles of inclination: 
00, -16.80 , -31.50, _600, -15.310, _80°, -84.5°, -85°, -88.5 0 
with a range of heat fluxes from 1 kW/m2 to 13 kW/m2• 
One velocity profile was obtained at an angle of -83.61° 
from the vertioal. 
7.2 LOCAL HEAT TRANSFER J.iEASUREMENTS 
The thermal emf analogue signal on the tape reoorder was con-
verted to digital form using a PDP 8 minicomputer. The resulting 
output was then prooessed on the University's 1906A computer to 
give plate surfaoe temperatures, Nusselt, Grashof and Prandtl 
Numbers. It was assumed that the heat.flux was uniform along the 
length of the heater foil. The data were then analysed in the 
same manner as desoribed in Seotion 6.2 for the small heated 
plate. The difference between the oentre line thermooouples and 
those near the plate edges was less than 5% for all angles of 
inolination, indioating that the flow was approximately two-
dimensional. 
7.2.1 Plate Wall Temperature Distributions 
Figure 1.1 shows the wall temperature distribution along 
the vertical plate. As the heat flux was increased, the point 
of transition occurred earlier up the plate as was expected. In 
the turbulent region there was a gradual increase in temperature 
along the plate. 
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The variation of wall temperature distri?ution against 
distance along the plate for three angles of inclination is 
shown in Figure 1.2. The graph is for runs with approximately 
equal heat fluxes. As the angle 'of'ino1ination ohanged from the 
vertical to _800, the point of transition is seen'to begin 
further up the plate. This is to be expected because the flow 
beoomes more stable, the further the plate is from the vertioa1. 
1.2.2. Laminar Natural Conveotion Data 
, * t 
Theory prediots for laminar flow that Nux « (Grx Pr)s. By 
. t U 
p10tting'the heat transfer results as a graph of N u x l ( ~ r ~ ~ Pr)5 
against log ( G r ~ ~ Pr), as suggested by Lloyd, Sparrow and Eckert 
(1912a), it is easier to see whether this relationship is obeyed 
by the data and the point of transition is made muoh olearer. 
Figure 1.3 shows a typical graph for an angle of inclination of 
-45.330 • Transition is seen to begin at R a ~ ~ = 1.88 x 1014• The 
scatter for R a ~ ~ < 109 is due to leading edge effects. 
Table 1.1 gives the values of the constants in equations (6.1) 
and (6.2) together with their percentage standard deviations. 
Angle of Equation (6.1) Equation (6.2) 
Inclina-
tion K1 S D (%) K2 K3 S D (%) 
0 0.595 3.47 0.507 0.206 3.46 
-17.5 0.591 3 .• '23 0.514 0.205 3.45 
- 31.67 0.579 4.56 0.549 0.202 4.63 . 
-45.33 0.559 4.72 0.468 0.206 4.64 
-60.11 0.524 4.53 0.487 0.202 4.68 
-13.50 0.411 6.09 0.242 0.218 5.10 
-80.00 0.449 6.18 0.399 0.204 6.59 
- 86.50 0.334 4.86 0.290 0.205 4.83 
T A B ~ E E 7.1 , 
THE VALUES OF THE CONSTAHTS IN EQUATIOnS (6.1) .AND (6.2) 
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The variation of Nux against G r ~ ~ Pr cos ¢ is shown in Figure 
7.4 for all the experimental data obtained and the following two 
expressions were obtained: 
* rI.) ~ ~NUx a 0.592 (Grx Pr cos p i ••• 
Nux a 0.535 ( G r ~ ~ Pr cos ¢)0.204 ••• 
with standard deviations of 7.47% and 7.55% respectively. Using 
Yung and Oetting's correlation, we obtained the equation: 
~ ~
Nux = 0 . ~ 6 8 8 (1 + cos ¢ ) ( G r ~ ~ P r ) ~ ~ ••• 
with a standard deviation of 9.3%. Correlating the data with 
equations (6.4) and (6.S) resulted in the following two expressions 
Nux = 0.630 P r ~ ~ (Pr.+0.8-0.15 Pr sin ¢)-; ( G r ~ ~ cos ¢H-••• (7.4) 
and 
Nux a 0.619 pzi ( P I + 0 . 8 ) - ~ ( 1 + 0 . . 798 f ( P r , G r ~ , ¢ ) t a n n ¢ ) ! ( . G r ~ ~ cos ¢) t 
•• ~ ~ (7,5) ~ ~
both with standard deviations of 7.4&fo. Comparing the constants 
in equations (7.4) and (7.5) with those in equations (3.23) and 
(3.25), equation (7.5) gave a closer correlation to the theory. 
The various correlations are compared in Figure 7.5 for Pr a 5. 
Only equation (7.3) differed appreciably from the remaining three 
correl at ions. 
7.2.3 Transition Data 
The criterion used to decide the point of transition was the 
change in slope of the N u x l ( G r ~ ~ Pr)t - log R a ~ ~ graph. Figure 7.6 
shows a graph of the transition Rayleigh Number against angle of 
inclination together with the data from the work of Vliet (1969), 
Lock, Gort and Pond (1967), Pera and Gebhart (1973b) and Lloyd and 
Sparrow (1970). As the latter three papers used isothermal plates, 
their data were modified from the ordinary Rayleigh Number (Rax) 
.to .the modified.Rayleigh Number ( R a ~ ) . · · (This was done by assuming 
" . 
. , 
O . 5 x 1 0 3 ~ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - __________ __ 
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that the laminar flow heat transfer relationship held up to the 
point of transition so that the Nusse1t Number could be calcu-
lated. The modified Ray1eigh'Number is then obtained from the 
relationship R a ~ ~ • Rax Nux.) From the constant-heat-f1ux 
. results, the following two correlations were derived to calculate 
tho transition Rayleigh Numbers 
* Rax • 6.31 x 1012 e-O·
192 ¢ 60 ~ ~ ¢ ~ ~ 0 
* 6.31 x 1012 e-o·0705 ¢ -70 , ¢' 0 (7 ~ 6 ) )Rax • ••• 
It will be seen that the majority of results for the isothermal 
plato lie beneath those of the constant-heat-f1ux plate. For an 
upward-facing plate at angles greater than 550 from the vertical, 
there is a great deal at scatter in the published data. As the 
angle of inclination changed from positive to negative, the two 
lines defining the two boundary conditions began to diverge. 
The divergence was more pronounced for positive angles of 
inclination. Between the range of angles -700 , ¢ , 800 , the 
transition Rayleigh Number changed by nine orders of magnitude. 
1.2.4 Turbulent Data 
The experimental data did not cover as large a range of 
Rayleigh Numbers and angles of inclination as originally intended. 
Turbulent heat transfer data were obtained for angles of inclina-
tion of 00 , -17.5 0 and -31.610 and covered a range of Rayleigh 
Numbers ofs 
5.3 x 1013 to 9.23 x 1014 ¢ a 00 
1.3 X 1014 to 9.01 X 1014 ¢ = -17.50 
1.48 x 1014 to 9.05 X 1014 ¢ = -31.67° 
To obtain a realistic relationship between the Nusselt and 
Rayleigh Numbers, a range of Rayleigh Number of at least three 
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orders of magnitude is required whereas here we only had one. 
Nevertheless, a least squares routine was used to correlate the 
data, the best fit curve being: 
Nux = 0.889 ( G r ~ ~ Pr cos ¢)0.205 ••• 
. with a standard deviation of 6 . 5 9 % ~ ~ It was found that the 
gravity component parallel to the plate correlated the data 
better than the ordinary gravity component, as found by Vliet 
(1969). Figure 7.7 shows the turbulent data. 
There is little agreement on the power of the Rayleigh 
Number amongst the various investigations that have been under-
taken. The analysis of Section 3.3 gives a dependence of 0.286 
whereas the results of Bayley* (1955) give 0.25. Table. 7.2 gives 
, ", 
a brief resume of the results. 
The slope of the data for the"present investigation is less 
than the other correlations but the data points lie within the 
large band of scatter of the correlations. At present, no 
explanation can be put forward for this. 
-The difference in turbulent heat transfer coeffioients 
between an upward- and d o w n w a r d ~ f a c i n g g inclined plate may be 
due to the separation of the boundary layer from the plate which 
occurs for an upward-facing plate but not for a d o ~ m w a r d - f a c i n 8 8
one. The separation could cause an increase in heat transfer 
coefficient. 
7.3 BOUNDARY LAYER TEMPERATURE AND VELOCITY MEASUREMENTS 
7.3.1 Laminar Boundary Layer Temoerature Profiles 
Laminar boundary layer temperature profiles were obtained 
over ~ ~ wide range of angles and Rayleigh Numbers. Table 7.3 gives 
* where necessary, the oorrelation has been re-calculated in the 
form involving the modified Grashof Number 
• 
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Index of 
Gr* x 
0.25 
0.25 
0.261 
0.231-0.265 
0.291 
0.219 
0.24 
0.25 
0.205 
0.286 
Boundar,y Conditions 
Isothermal 
" 
tI 
n 
" 
Constant-heat-f1ux 
" 
Uniform concentration 
Constant-heat-f1ux 
tI 
TABLE 1.2 
Plate Orientation 
Vertical 
tf 
" 
" 
tI 
I · 
. Inolined plate rjJ positive 
tI 
" " " 
Inclined plate rjJ negative 
Inclined plate rjJ positive or 
negative 
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details of the range of angles, distance up the plate and 
Rayleigh Numbers. 
Angle of Distance from 
* Inclination leading edge (m) Range of Rax
o? 0.1625, o. 3 6 2 ~ ~ 2.B x 1010 ' 
-
8.6 x 1011 
_ 1 6 ~ 8 j o o 0.1625 3.5 x 1010 
-
1.5 x lOll 
-31.5 0 0.1625 2.2 x 1010 
-
1.5 x 1011 
_60.00 0.15BO, 0.8575 3.1 x 1010 
-
9.1 x 1013 
-75.370 0.1580 2.5 x 1010 
-
1.3 x 1011 
. 0 0.1580 2.4 x 1010 1.2 x lOll -BO.OO 
-
-84.50 to 0.1580, 0.4260, 
3.1 x 1010 1.9 x 1014 _850 0.7270, 0.8150 
-
0 0.4260, 0.7210 1.2 x 1012 1.0 x 1014 -88.5 
-
TABLE 7.3 
RAnGE OF LAMINAR BOUNDARY LAYER TEMPERATURE PROFILES 
All runs were taken at low heat fluxes so that bulk temperature 
stratification did not become a problem. 
The heat flux and plate surface temperature were obtained by 
extrapolating the temperature to the wall, the gradient of the 
curve giving the heat flux. Agreement within 5% was obtained 
with the heat flux and plate surface temperatures obtained from 
the plate surface thermocouples. 
The temperature data are usually normalised using ~ ~ : ~ ~
and the distance from the plate by ~ ~ ~ G r ~ ~ Pr ) ~ ~ Figures;. 8 t: 
7.15 shall the variation of normalised temperature as a function 
of distance from the wall for angles of inclination of 0°, -16.83°, 
-31.5°, _60°, - 7 5 . 3 7 ° ~ ~ _80°, -B5° and - 8 8 ~ 5 ° ° from the vertical. 
Tho data covered a range of Prandtl Number from 4.5 to 6.5. The 
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experimental data 1-lere also compared with the vertical plate 
. theory, the theoretical curves being interpolated from the results 
of Chang, Akins, Burris and Bankoff (1964). _ For the inclined 
plate, the theoretical data were modified to include the cos ¢ 
correction. 
For the vertical plate, there was excellent agreement between 
theory and experiment. As ~ h e e angle of i n c l i ~ a t i o n n began to 
decrease, the experimental points began deviating from the 
theoretical curve up to _800 from the vertical. At angles between 
_800 and -900, the results taken'at small x were below the curve 
but at higher x they 1'1ere above the curve. The theoretical 
curves' were based on boundary lB\Y'er theory rather than perturba-
tion analysis' which gives more accurate results. The results of 
Yang and Jerger (1964) for laminar'natural convection on an iso-
thermal vertical plate using a perturbation analysis showed that 
there was very little effect on the temperature profile in the 
boundary layer, the perturbation analysis bein8 slightly above 
the boundary layer analysis of Ostrach (1952). This result was 
confirmed by Pera and Gebhart (1973a). They plotted graphs of 
T - Too if. (Gr; sin ¢'Tt 
Tw _ Too against x '\ 5 ;...)- for various values of 
sj Grx sin ¢ rl ( a 5 cot '1'. \lhen ( < 0.7, they found good a.greement 
bet1-Tcen theory and experiment but for values of ( > 0.7 tho 
experimental points were 10\-ler than the theoretical curve. 
An alternative method of presenting the results is to calcu-
late the thermal displacement thickness, used by Harner and 
Arpaci (1968),·and defined by: 
°h =' 1 faCT - TOQ) d3 Tw - Too 
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The polynomial used in the laminar boundary layer theory for the 
temperature profile (Section 3.2) gave: 
From equation ( 3 ~ 1 6 ) )
- = x 
J. l. 1 '* tI.)-.1. 360 5 Pr- 5 (Pr + 0.8)"5 (Grx cos 'P 5 
giving 
••• 
Hence it may be assumed that 
°h . '* 
-- = function (Grx, Pr, cos ¢) x 
The results of Chang, Akins, Burris and Bankoff (1964) for a 
vertical plate were analysed and gave the solution: 
~ ~ a 0.361 Pr-0.267 G r ~ - 0 . 1 3 9 5 5
X ••• 
The experimental data were correlated in the two forms discussed 
and the follol'ling two equations were obtained: 
..... - ~ ~ = 0.606 P r ~ ~ (Pr + 0 ~ 8 ) i i ( G r ~ ~ cos ¢)-o.177 
. x ••• 
and 
~ ~ a 0.917 Pr-O·383 (Gr* cos ¢)-O.l80 
X . X ••• (7.11) 
with standard deviations of 9.59% and 9.58% respeotively. 
Comparison of equations (7.8) and (7.10) showed thnt the 
index of the Grashof Number had decreased as well aD the oonstnnt. 
Fie;ure 7.16 shows the variation of ohlx against log ( G r ~ ~ Pr coo ¢) 
at Pr = 5 together l'nth equationo (7.10) and ( 7 . I I ) ~ ~ There was 
very 1i ttle difference between the tl'lO correlations. 
7.3.2 Transition and Turbulent Boundary Layer Tcmnera.turo Profilc9 
In the transition and turbulent rcgimeo, the frequency of 
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fluotuations is less than 10 Hz, neoessitating a long averaging 
time. C h e e s e \ ~ i g h t t (1968) used a 300-seoond averaging time 
whereas Vliet and Liu (1969) reoorded signals over a period 
ranging from 30 to 60 seoonds. In the present investigation, 
the thermocouple signal was reoorded for 100 seoonds and the ADC 
programme' took samples of the data every 0.1 seconds to obtain 
an average of 1,000 points'. A check l'laS made to see if' 100 
seoonds WaS a reasonable ~ i m e e for obtaining a mean value and it 
was found that above 100 seconds there was little change in the 
value. 
At the present time, there is no general agreement as to 
which is the best method of presenting the results in the 
transition and turbulent regimes. The following suggestions have 
been made: 
(1959) T - Too Nux (fx> Fujii Tw - Too 
Cheesewright (1968) 
" 
;t. OrO•l 
:I. x 
Warner and A ~ p a c i i (1968) 
" Y 
Lock and Trotter (1968) 
" Y 
Vliet and Liu (1969) 
" Y/Oh 
Of the various suggestions for correlating the data, the method 
of Vliet and Liu (1969) gave the bect fit. The use of a boundary 
layer thickness for normalising distances has been found to be 
quite good for laminar natural conveotion and is also used 
extensively in forced conveotion '\-10rk. The method also provided 
a useful method of' cor.tparing the laminar, transition and 
turbulent boundary layer profiles. 
The development of the thermal boundary lnyer profile from 
' ' ' > " ~ - - - • ," 
laminar through transition, to turbulence is ohoml in Figuro 7.17. 
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, These curves show the steepening of the profile as the flow 
became more turbulent. Figure 1.18 compares the vertical plate 
mean'turbulent boundary layer temperature profiles with the 
data of Vliet and Liu ( 1 9 6 9 ) ~ ~ Excellent agreement was found 
between·the two sets of data. 
Mean profiles l'lere obtained for angles of inclination of 
00, - 1 4 ~ 5 0 0 and _300 and these are shown in Figure 7.19. These 
profiles cover a range of modified Rayleigh Numbers from 5.13' 
x 1013 to 1.8 x 1014• There '\'las some scatter in the data but 
this \-las to be expected as the averaging time lias not as long 
as was desired. 
Strip chart recordings were taken at various' points through-
out the boundary layer' and a typical set of traces is s h o ~ ~ ~ in 
Figure 7.20 for an angle of inclination of -14.50 and R a ~ ~ a 
5.28 X 1 0 1 4 ~ ~ Figure 7.20(a), taken at the outer edge of the 
boundary layer, shows the high intermittency and asymmetry of 
the turbulent process. As one proceeded t O ~ l a r d s s the wall, the 
asymmetry began to disappear (Figures 7.20(b), (c) and (d» until 
at y = O.lOh (Figure 7.20(e» the turbulence was symmetric. It 
should be noted from·Figure 7.20 that the turbulent frequency 
increased up to y/oh = O ~ l ' ' and then began to d e c r e a . o e ~ ~
The r o o t - m e a n ~ s q u a r e e values of the turbulent temperature 
fluctuations as a function of Y/Oh are presented in Figure 1.21. 
The intensity increased as one proceeded touards the wall until 
it reached a maximum of y/oh = 0.25 where it began to decrease. A 
similar graph of turbulent velocity fluctuations in the boundary 
layer from Vliet and tiu (1969) 0.100 showed a maximum at a 
similar value. 
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7.3.3 Laminar Boundary Layer Velocity Profile 
The programme of \-lork on velocity ·profiles was continuously 
plagued with problems. During the probe calibration three hot-
fibre probes ,\-zere broken, one due to a mistake in- setting up the 
calibration equipment and two due to bad electrical connections 
in the equipment. In the process of taking velocity profiles, the 
temperature-compensating element developed a fault which was i r r ~ p a i r ~ ~
able. Within the timescale of the p r o j e c ~ - i t t was not possible to 
replace the temperature-compensating element due to a long 
delivery time. For this reason, only one velocity profile 1>laS 
obtained in the laminar floH region for an angle of -83.670 • 
The profile is sho\m in Figure 7.22 together "dth the theoretical 
velocity profile deduced from the work of Chang, Akins, Burris and 
Bankoff (1964). The temperature profile is also s h o ~ m . .
The experimental maximum velocity was about 23% below the 
theoretical maximum but in general the theoretical and experi-
" 
mental profile shapes ''lere similar. One reason for the 23% 
discrepancy in the theoretical and experimental curves could be 
that the temperature-compensating element was not.in exactly the 
same plane as the hot-fibre probe. For y > 12 rom the tempera-
ture of the fluid \-las approximately constant and the velocity 
results \-zere in reasonable agreement '\-11th the theory. For values 
of y.< 12 om the fluid temperature began i n c r e a ~ i n g g and at this 
point the velocity profile began moving auay from the theoretical 
curve. At this higher temperature the overheat ratio would 
decrease, causing a reduction in the anemometer output. Dring 
~ ~ d d Gebhart (1969) also found that for a vertical constant-heat-
flux plate in silicone, the velooity maxima differed by 22%, but 
as the temperature of their fluid only changed by O ~ 3 0 C C this 
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would not account for the discrepancy in their results (see 
Figure 1 . 2 3 ) ~ ~
1.4 FLOU VISUALIZATION RESULTS 
The main objective of the flow visualization programme was 
to ensure that no re-circulating flows were present in the main 
bulk of the fluid. Details of this \'lork were given earlier in 
Section 5.3.4. 
Plate 7.1 chows a typical streak photograph for the upper 
half of the vertical plate for R a ~ ~ = 1015 • The photograph was 
taken'at f 5.6 l'1ith an exposure time of 5 seconds. Using a 
shorter focal length lens, Plate 7.2 ShOliS 0. more detailed 
photograph of the turbulent region at a similar Rayleigh Number. 
In the outer edge of the boundary layer, large eddies, similar 
to those described by Vliet and Liu (1969) were observed. 
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CHAPTER 8 
DISCUSSION 
8.1 COMPARISON OF THE HEAT TRANSFER RESULTS 
In Chapter 3, three methods were presented for solving 
approximately the' integrated laminar boundary layer equations for 
an inclined plate. In the first method, the pressure gradient in 
the direction normal, to the plate waS assumed to be zero; the 
second method assumed that the pressure gradient in the direction 
normal to the plate could be represented by a horizontal plate 
solution and the final method involved.calculating the sin ¢ 
term in equation .(3.13) from the first approximate solution. 
These solutions are summarised in Table 8.1 together with the 
experimental results from the small and large rigs. Equation (6.4) 
was evaluated at Pr = 5. 
The theoretical result for e q u a ~ i o n n (6.1) is 2.4% higher than 
the vertical plate theory obtained by Sparrow and Gregg (1956) 
using a numerical analysis technique. For a Prandtl Number of 5 
they found 
• •• (8.1) 
Comparing the heat transfer results for the small and larce rigs 
(equations (6.6) and (7.1» \-lith equation (8.1) shows that the 
correlations are 6.5% low and 1.37% high respeotively but both 
equations agree within the errors of the experiment. The larger 
error in equation (6.6) is probably due to the varyinc heat flux 
along the plate surface \"lhioh produoed a larger standard deviation 
for the small rig results. 
The results for the differing data are p r e s ~ n t e d d in Figure 
8.1 as a function of N u x l ( G r ~ ~ P r ) ~ ~ n o r m a l i s ~ d d to the vertioal 
plate data against plate angle of inclination. Tho colid black 
~ ~
1 
nux = K1 ( G r ~ ~ Pr cos ~ ) ) 5 ••• 
Nux = K2 ( G r ~ ~ Pr cos p)K3 
••• 
Nux = K4 (1 + ~ o s s $1) (Gr; Pr) 1 
1 1 
••• 
UUx = KS P r ~ ~ (0.8 + Pr - K6 Pr sin p)-S ( G r ~ ~ cos 'I )"5 ••• 
2 1 * t * -1 Nux = K7 PrO; (0.8 + Pr)s (1 + 1<8 r (Pr,Grx,p) tan p)T (Grx cos p)5 ••• 
2 1 
where r ( P r , G r ~ , p ) ) = Prs (0.8 + Pr)5' ( G r ~ ~ cos pf, 
(6.1) 
(6.2) 
(6.3) 
(6.4) 
(6.S) 
Equation (6.1) Equation (6.2) Equation (6.3) Equation (6.4) 
K1 K2 K3 KL1- KS K6 
Theoretical Results 0.600 0.600 0.200 0.600 0.616 1.3 
Small Rig Results 0.S46 0.455 0.208 0.602 0.609 0.938 
Large Rig Results 0.592 0.535 0.204· 0.668 0.630 O.lS 
- - - - ~ ~ - - - ~ ~
- ~ ~ ~ - --------
TABIE 8.1 
COMPARISON OF THE LAMINAR HEAT TRANSFER CORRELATIONS 
. . 
Equation (6.S) 
K1 K8 
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line represents equations (3.24), (6.6) and (7.1). All equations 
were evaluated at Pr = 5. Figure ( 8 . ~ ) ) shows the difference in 
shape of the theoretical curves produced by the second approxi-
mate solution (equation (6.4» and the other two (equations (6.1) 
and '(6.5». The second approximation gives the correct value when 
the heated plate is vertical but begins to diverge from the other 
two solutions when the p l a t ~ ~ is inclined until near the horizontal 
when the curve takes 'the same shape as the other two. The experi-
mental results show that the theoretical constant, K6, was too 
large, it being reduced to 0.938 and 0.15 for the small and large 
rigs respectively. 
There is a discrepancy in the trends between the small and 
large rig heat transfer results. A larger correction was required 
for the small rig, so much so that the additional correction factor 
in equation (6.5) was not sufficient to allo\ot for the effeot of 
inclination. This is believed to be due to stratification in the 
main bulk of the fluid, causing a change in the heat transfer 
coefficient. 
Both Cheesewright '(1967) and Jaluria and Gebhart (1974) 
showed that the heat transfer coeffiCient increased as the 
stratification increased. They suggested that at any point up the 
plate, the temperature difference between the heated plate and the 
bulk fluid (Tw - Tco) was less than one '\'1ould expect. Now the 
stratification in the small rig (- 5°C/m) was much larger than in 
the largo rig (- 10C/m), hence the heat transfer coefficient on 
the plate was greater than would be expected. As the angle of 
inclination approached the horizontal, the stratification as a 
function of distance up the plate was effectively smaller (at ¢ = 
_85°, the stratification up the plate was only 0.09 of that when 
138 
¢ = 00 ) giving a larger temperature drop between the plate and 
fluid and a smaller heat transfer coefficient. This would then 
explain why such a large correction factor was required 'for the 
small rig compared with the large rig. 
The numerical solution for an upward-facing inclined flat 
plate (Section 3.2.4)-showed that the constant K3 in equation 
(6.2) varied from 0.2 for the vertical plate to 0.167 for the 
horizontal plate facing up, the most significant changes occur-
ring' at high angles of inclination. For the downward-facing 
horizontal plate, it has also been found experimentally that 
X3 = 0.167, therefore it is very probable that K3 changes in a 
similar manner for the downward-facing inclined plate as' for the 
upward-facing plate. The results in Tables 6.1 and 7.1 show no 
consistent changes in K3• 
, The results for the horizontal plate were rather confusing, 
and the scatter on the heat transfer correlation was greater than 
that for the vertical plate. Figure (6.7) showed the variation 
* 1 of Nux/(Grx Pr)T against X/I. There was no observable consio- " 
tency'in the scatter and a similar plot by Birkebak and 
Abdu1kadir (1970) showed a similar a m O \ 4 ~ t t of scatter. This could 
indicate that this is not a suitable method of correlating the 
d.ata-a.nd that boundary layer theory ,is not applicable, a!3 flugeested 
by Rotem (1970). 
The discrepancy between the transition data for the iso-
thermal data and the constant-heat-f1ux data may be due to the 
effect of stratification. Jaluria and Gebhart (1974) showed both 
theoretically and experimentally that stratification initially 
stabilises·the flow but ,further d O ' ~ G t r e a m m the amplifioation rates 
become larger than for u n G t r a ~ i f i e d d flows. For stratifioation of 
10C/m, the transition Rayleigh Number is increased by about two 
orders of magnitude which would bring the two sets of data into 
agreement. 
Figure 8 ~ 2 2 gives a comparison of the local heat transfer 
correlations for the small and large rigs in the laminar, 
transition and turbulent regimes, and shows the increase in heat 
transfer coefficient in going from laminar to turbulent flow. 
The laminar boundary layer temperature profiles showed good 
agreement between theory and experiment for the vertical plate 
but began to deviate from the theory at angles near the horizontal. 
One interesting fact which was not reported earlier was the 
laminar boundary layer temperature profile in a stratified media. 
This profile, s h o ~ m m in Figure 8.3, was obtained on the small 
heated plate at R a ~ ~ = 9.4 x 1010 and ¢ = 00• The problem was not 
pursued further due to lack of time but it should be noted that 
Cheesewright (1967) and Jaluria and Gebhart (1974) obtained 
similar profiles theoretioally when the temperature in a part of 
the boundary layer was less than that outside the bowldary layor. 
The flow visualization programme shol-led how oareful one 
should be when studying natural convection in finite vessels. 
Most theoretical analyses have assumed that the heated plato was 
immersed in a fluid of infinite extent and of uniform or k n o ~ m m
temperature. In reality, experiments are confined to a small 
finite volume "There, if care is not taken, the experimental 
results may be misleading, This was the case for tho small 
heated plate where initial results had to be disoarded when the 
" flo\o1 visualization results showed the boundary layer flo\-1 WaD 
being broken up by recirculating flows. An excellent description 
of the effects of stratification has boen given by Schwind and 
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Vliet (1964). In their study of natural convection and strati-
fication'phenomena of fluids in a vessel (6 in. x 6 in. x 10 in.) 
they found four stages in the development of ' the stratification: 
(a) Initial transients 
(b) First appearance of 'Quasi-steady state' stratification 
(c) Intermediate stratification 
(d) Extended time stratificatiqn 
For ,'the small rig, their results suggest that the heat transfer 
data were obtained in an 'intermediate stratification' stage 
where the plume of hot water leaving the plate wall is beginning 
to penetrate the unstratified region. 
8.2 APPLICATION OF THE RE3ULTS TO THE DESIGU OF A CORE CATCHER 
Having dealt with the experimental and theoretical reoults 
in detail, we now return to the problem of the core catcher. The 
work of Hunt and Moore (1910), referred to in Chapter 1, employed 
a number of assumptions ,,:hen calculating the temperature 
differerice between the core catcher and the liquid sodium. These 
were: 
(a) The core catcher could be represented by a 1.3 m l o n ~ ~
plate inclined at 150 to the horizontal with a surfO-ce bent 
flux of 106 W/m2• 
(b) that the .beat transfer correlations in air and \-later 
., 
were applicable to liquid metals witb low Prandtl Numbers. 
(c) that the criterion for transition in nir and water on 
a vertical plate m ~ ~ be used for liquid metals and wns not 
affected by inclination. 
(d) that the flow \las turbulent. 
(e) that the effect of inclination could be accounted for 
by using the gravitational component parallel to tho plnte 
surface in "the Grasbo'!' Number. 
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The results presented here may be used to clarif,y some of the 
problems encountered by Hunt and Moore (1970). 
The extrapolation of heat transfer data from water or air 
to low Prandtl Number fluids is very questionable. Because of 
the differing thermal and velocity boundary layers and the 
longitudinal heat conduction in the boundary layer in liquid 
metals, the theoretical solutions underestimate the heat transfer 
coefficients. Very little experimental work is available on 
natural convection in liquid metals. A recent paper by White, 
Welty and Hart (1973) concerned with v e r t i c ~ l l plate natural 
convection in mercury (Pr ... 0.0237) gave the heat transfer 
correlation 
*°.190 
Nux'" 0.240 Grx 
At a modified Grashof Uumber of 108 this equation is 30% higher 
than the integral solution (equation (3.l}», the difference 
decreasing the larger the Grashof Number. 110 data are availablo 
for liquid sodium which has a Prandtl number one 'order of magni-
tude lower than mercury • 
. The assumption that the flo\,1 on the core catcher will bo 
turbulent is believed to be incorrect. Our rosults have sho\'m 
that .as the plate is inclined, the point of transition moves 
further up tho plate and at an inclination of -750 tho transition 
Rayleigh Uumber, R a ~ , , was found to be 1.25 x 1015 • Tho theore-
tical results of Sparrow, Tsou and Kurtz (1965) ShO\'10d that ovor 
a range of Prandtl Number from. 7 to 0.7, the cri tienl Grasho!' 
Number for the onset of instability decreased as tho Prandtl 
Number decreased. A speculative extrapolation of thio datn to 
liquid metals (Pr N 0.01) gives a transition Grashof Number four 
orders of magnitude lower than in water. This would eivo 9. 
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transition Grashof Number of 2.5 x 1010 for a liquid m e t a l ~ ~ The 
theoretical work of Hieber and Gebhart (1971) using linear 
stability theory showed that the neutral stability curves are 
only weakly dependent on the Prandtl !lumber over the range 0.1 
to 0.01. There has been no broad study.of transition in liquid 
metals but ColI well (1973) found transition' occurred at G r ~ ~ -
5 x 109 on a vertical plate in mercury. Our transition results 
may be expressed as 
* * G ~ x x a GrxVERTICAL 
..o.0705¢ 
e 
Using Collwell's value for G r ~ ~ gives a transition Grashof Number 
of 9.89 x iOll at ~ ~ angle of -750 • The Grashof Number for the 
plate described by Hunt and ~ 1 o o r e e (1970) would be, 9.7 x 1014 •. 
Even though the Grashof Number of the core catcher is larger than 
the value predicted for transition, it is very unlikely that the 
flow will be turbulent because the trar1sition region oontinues 
over a considerable range of x at angles of inclination near the 
horizontal. 
The experimental results from this project have shown that 
for an inclined plate at angles of inolination near the horizontal, 
the heat transfer c ~ e f f i c i e n t t is lower than. that predicted usinc 
the gravitational component parallel to the plate surfaoe by a 
factor given by 
(1 + Ka Pr-} (0 .• 8 + Pr)1- ( G r ~ ~ cos ¢ ) - ~ ~ tan ¢)t 
l'lhere Ka lies in the ranGe 0.49 to 0.8. Hunt and ~ t o o r e e (1970) 
had calculated that the t e m p e r a t ~ e e difference between tho ooro 
catcher and the sodium would be 870 0 for a plate inolined at 150 
to the horizontal. Assuming that the flow is lominar up tho pInto 
then the temperature difference increases to 256°C using 
equation (3.21) or 257°0 using equation (3.25). At these hieh 
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Grashor Numbers, the correction factor is very small but at angles 
of inclination nearer tho horizontal a."1d for louer Grashof Numbers 
the correction factor m ~ ~ be as large as 10%. It should be 
appreciated that these temperatures have been extrapolated from 
\ 
'data for water and it is most likely that the temperature 
differences will be lower in liquid sodium. 
To reduce the temperature difference between the core 
catcher and the sodium, P e c k o v ~ r r (1973) has suggested the use of 
a multiple a r r ~ ~ of core catchers. These could be in a staggered 
l ~ e r , , as shown in Figure 8.4, or in staggered and alternate 
layers as shown in Figure 8.5. With either of these methods, 
careful attention l'1ould have to be given to ensuring that there 
was not too much interference between the trays from either a 
plume of hot sodium rising from a lOtTer tray to a higher tray or 
from the interference of the boundary l ~ e r s s (\'lhich are of the 
order 40 mm thick) on tl'10 adjacent trB\Y's • 
• 'c " t . ' ~ ~
't ~ ~ ... 
~ . ~ ~ f '. 
t t {:". \ " ' - ~ ~ ~ ~
( ~ ~ , ,'. ,:"", I 
> ~ " " • ,.; :. .., ~ ~ • 
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FIGURE 8-4 
"THREE STAGGERED LAYERS OF CATCHERS 
«' . FIG U RE 8-S 
FOUR LAy'ERS:OF V':' SHAPED TROUGH 
CATCHE·RS STAGGERED'AND ALTERNATED 
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CHAPTER "9 
SUMliARY OF CONCLUSIONS 
a. The theoretical investigation comprised an analysis of the 
integrated boundary layer equations for steady two-dimensional 
laminar and turbulent flow. Approximate analytical solutions 
have been presented for a heated plate inclined at any angle of 
inclination. ,The results showed that up to \700 \ from the 
vertical, the vertical plate theory is perfectly adequate in 
predicting the heat transfer coefficients provided the gravi-
tational component parallel to the plate surface is used. Above 
\7001, a small correction factor is required due to the pressure 
gradient normal to the plate surface. A numerical solution of 
the integrated boundary layer e q u a ~ i o n s s was also presented for 
laminar natural convection from an upward-facing inclined plate. 
This showed above 700 from the vertical, the index of the 
Grashof Number changed slowiy from 0.2 to 0.161 as the plate 
approached the horizontal. The solution for the turbulent region 
showed that the vertical plate theory was adequate provided the 
gravity component parallel to the plate surface io u s e d ~ ~
b. The experimental results for the two rigs covered a range 
of modified Gra.shof Number from 106 to 1015 and plate angle of 
inclination from the vertical to the horizontal facing d o ~ m . .
The local laminar heat transfer data agreed well \li th the theory 
" 
and the results of other l-lorkers. To a. first approximation, the 
data may be correlated usinG the vertical plate theory modified 
to include the gravitational component parallel to the plate, 
su:;-face., .. Above angles of 700 from the vertical facing down, the 
data began to " d e Y i < : l . ~ _ ~ . ; ; from tbe first approximation. To take 
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into account this deviation, the data were correlated to the 
equations derived in the theoretical analysis and the following 
two"correlations are proposed: 
, 2 ., * ., 
Nux = K5 Prs ( 0 . 8 + P r ~ K 6 6 Pr sin ¢)i5 (Grx cos ¢)s 
2., ., * L 
Nux == K7 Pr"5 (O.8+Pt")-s ( 1 + K 8 f ( P r , G r ~ , ¢ ) ) tan ¢)'5 (Grx cos ¢"f 
where 
For the large rig, the constants have been determined as: 
K7 == 0.619 
1:8 .. 0.798 
In stratified media, the constants K6 and K8 begin to increase. 
c. ' Transition was found to begin at R ~ ~ = 6.31 x 1012 and "las 
found to' vary with angle as 
, R ~ ~ = '6.31 x 1012 e-0.0705¢ 
up to an angle of -750 'from the vertical. As the angle of incli-
nation decreased the transition length "'as found to increase in 
length but no quantitative results can be given as the plate' did 
not go to high enoFgh Rayleigh Numbers. 
d. In the turbulent regime, the local heat transfer coefficient 
may be expressed as 
Nux = 0.889 ( G r ~ ~ Pr cos ¢)O.205 
over the range 0 , ¢ "-310 • Agreement between the theoretical 
and experimental r e o ~ l t s s was poor. 
e. Boundary layer temperature profiles \-lore obtained over a 
wide range of Rayleigh Number and plate, angle of inolination. 
For angles greater thM _80°, the profiles agreed "rell with the 
vertioal plate laminar boundary Inyer temperature profiles where 
",he 'gravity component 1-laS taken parallel to the plate surface. 
At angles less than _800 , the data began to deviate from the 
theoretical profile. Boundary layer temperature profiles were 
also presented for the turbulent regimes and good agreement was 
found with other w o r k ~ r s . .
f. A hot-fibre anemometer was successfully calibrated to 
measure velocities less than 100 mm/s and Was used to obtain a 
velocity profile at.-83.61° from the vertical. The data gave 
lower velocities than predicted by t h e o r y ~ ~
g. An extensive flow visualization programme was undertaken to 
ensure that no un1-lant ed flows were present in the main bulk of 
the fluid away from the plate. Two types of traoer were used, 
aluminium particles and neutral density polystyrene particles. 
The aluminiu:n particles \vere found to be more amenable for 
natural convection work where changes in the density of the fluid 
caused the drift velocity of the polystyrene particles to alter. 
A baffle system was developed for the large rig to isolate the 
unwanted flo,\'1s. near the boundary layer, the flow was found to 
move in horizontally to\'1ards the plate rather than perpen-
dicularly as assumed in the theoretical '\'1ork of" Kierkus (1968). 
I ~ V V
CHAPTER 10 
REcm.n.tEUDATIONS' FOR FUTURE rlORK 
The application of the experimental data in water to liquid 
sodium has been s h o ~ m m to be uncertain and experiments are now 
being undertaken at the U.K.A.E.A. to obtain heat transfer 
coefficients on an inclined flat plate in liquid sodium. These 
experiments will cover a range of angles from the vertical to 
the horizontal facing d o ~ m m in a fluid with Prandtl Number less 
, 
than mercury. From the present "lork, it is recommended that: 
a. attention is focused on angles of inclination near the 
* horizontal where changes in gradient of the Nux - Rax graph 
. are expected to occur. 
b. the interference of the boundary layers on two adjacent 
core catchero should be studied by plaCing an isothermal 
wall near the trailing edge of the plate, and 
c. the interference between the core catchers from a plume 
of hot sodium rising from a lower tray to a higher tray 
should be studied by placing a sodium jet beneath the 
leading edge of the plate and observing the effects on the 
plate heat transfer coefficients. 
Regarding the general field of inclined plate natural convec-
tion, it is felt that there is still considerable scope for 
further ~ l o r k k and several suggestions are given below: 
a. On the theoretical side, it is felt that a numerical 
colution of·the governine differential equations would be 
of great value. In the laminar flow regime, this should be 
relatively easy and the effects or stratification, free 
surfaces .and finite volumes of fluid on the boundary layer 
1 :)1 
growth could also be inoorporated. In the ~ u r b u l e n ~ ~ regime, 
Mason and Seban (1974) have obtained numerioal solutions for 
~ u r b u l e n t t natural oonveotion on.a vertical surfaoe using a 
programme of ~ h e e Patankar-Spalding type (197.0). These 
r e s u l ~ s s showed reasonable agreement with the available. 
experimental results and it would be most interesting to 
modify this programme to study the effeots of inolination 
. on the heat ~ r a n s f e r r ooefficient, particularly the 
difference between an upward- and downward-faoing pla'te. 
b. There are numerous experimental projects whioh need 
to be undertaken both from a practical point of view and to 
aid-the numerical solutions. At angles near the horizontal. 
muoh greater information is required on the ohange in heat 
transfer coefficient. This would be best supplemented by 
detailed velocity measurements where it is recommended that 
a laser Doppler anemometer, such as the one described briefly 
in Chapter 4, be used. A more detailed investigation of 
stratification would be very useful as most flows of 
engineering importance are never in a motionless fluid of 
uniform temperature. This could also include the effeots of 
overall flow pa.tterns in the experimental vessel. 
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APPENDIX A 
TEr<1PERATURE-COMPENSATION OF FILM PROBES 
USING CORRECTING NETWORK 
This seotion gives details of the derivation of the matoh-
ing ~ e t w o r k k resistanoe values together with the assumptions 
involved and has 'been taken from Amos (1913). The temperature-
oompensating network is shown in Figure ~ ~ 1. 
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FIGURE A 1 T R ~ P E R A T U R E - C O M P E N S A T I N G G NETWORK 
The total resistanoe of the compensating,unit nc is determined by 
the overheat ratio b as follows: 
= ••• (A 1) 
The requirement for constant overheating ratio at varying 
temperatures is filled when: 
dRo 
CiT .. , (1 + b) dRF dRL,F (iT + dT 
Calculation of Rs and Rp 
Rc .. 
, . 
Rp (Rs + R I I ~ T T + RT) 
Rp of· Rs+ RL,T + RT 
••• ' (A 2) 
••• (A 3) 
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where Rp is a non-inductive resistor with a QI 0 
Rs is a non-inductive resistor with a QI 0 
Itr a RT.o (1 + aTo_ (T - To» 
RL,T .. R L ~ T O O (1 + a L,To (T - To» 
R Rp [Rs + R L ~ T o o { l + a L ~ T o o (T-To» +. RTo {1+ a To (T-To»] 
o .. Rp+Rs+RL,To (l+aL,To {T_To»+RTo (l+aTo (T-To )) 
dRo \ = Rp 
2 (RTo aTo + RL,To a L,To) 
dTT: To {Rp+Rs+RL,To+RTo)2 
From (A 3) we have for Rp: 
... 
(Rs+RL,To+RTo> Rco 
{Rs+RL,T +RT } - Rc 
o 0 0 
Inserting (A 5) into (A 4) we have: 
RCo
2 (RT aT + RL TaL T ) 
o 0 '0' 0 
RF .. RFo (1 + aFo (T-To»' 
RL,F" RL,Fo {l+a L,Fo (T-To» 
Inserting (A 6) and (A 7) into (A 2) we have: 
2 
Rc
o 
(RToaTo+RL,ToaL,To) 
( R s + ~ ~ +RL To)2 
o ' 
(1 b) R a ~ ~ R a 
.. + Fo ~ ' o + + L,To L,Fo 
Separating Rs we get 
••• 
(A 4) 
• •• (A 5) 
••• 
(A 6) 
••• 
••• (A 8) 
••• (A 9) 
Normally RL,To a L,To and RL,Fo a L,Fo are small compared to 
RTo aTo and RFoaFo, i.-e. (A 9) may be \'zritten arn 
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Or, when introducing the overheat ratio: 
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APPENDIX B 
. CURVE FITTInG ROUTINES 
The coefficients in equation ( 6 ~ 2 ) ) were calculated using 
the curve fitting routine E02ABF and those in equations (6.4) , 
and (6.5) using the minimisation routine E04FAF from the 
University of Nottingham N . A . G ~ ~ library. Below a brief descrip-
tion of the routines is p ~ e s e n t e d , , the description being taken 
from the N.A.G. Library Manual (1974) •. 
The subroutine E02ABF calculated a weighted least squares 
polynomial approximation to a set of data points by Forsythe's 
method using orthogonal polynomials. The procedure computed the 
coefficients of the polynomial p(x) and,minimised the expression 
n 
E wi ( P ( ~ i ) ) - fi)2 
i=l 
over the set of polynomials, where n is the number of points 
(Xi' file The polynomial was set to a degree of 1. 
The subroutine E04FAF found the minimum of the sum of squares 
of m non-linear functions, as reoiduals, eaoh o£ n variables 
Sex) = fT f = 
- --
(m ~ ~ n) 
The method was essentially Gauss-Newton in that the funotions f (x) 
were approximated at the point ~ ~ by a linear form f = h + J,!. 
where h is a constant vector and J is the Jacobian matrix 
Jij = ( O f i / o X j ) ~ . . Thus, an estimate of the minimum of the sum of 
squares was given by ~ ~ where 
= ••• (B 1) 
From an 'initial eotimate of the minimum point, a set of at 
least (n + 1) points, x i ~ ~ was generated, and the corresponding 
function values 1.i uere calculated. Formulae estimating the 
4' 
coefficients of the linear approximation (i.e. J and h) were 
obtained in,terms of fi and ~ ~ by considering minimising the 
weighted sum of squares, over this point set, of the difference 
between the linear approximation and the actual function values. 
The weights were chosen to give more emphasis.to function values 
near the minimum. These formulae were used in,equation (B 1) to 
give a set of equations f o ~ ~ Z, in terms of the known quantities 
xi and ri, which were then solved using orthogonal tranaformations. 
One iteration,consisted of replaoing that point of the current 
point set which had the largest sum of squares by-the estimated 
solution of the previous iteration, and solving the set of 
equations derived from this new set to obtain a new estimate of 
the solution. If at any time the point set -did not s p ~ ~ ~ the whole 
space, then a new point was generated using a random number 
generator. 
One of the problems associated with minimising routines is 
to ensure that the minimum is the global minimum and not a local 
one. This m ~ ~ only be found by trying several starting conditions 
and observing whether the routine gives the same solution. 
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APPENDIX C 
DESIGN OF THE LARGE WATER TANK 
As there were no design standards for large water tanks with 
no internal tie bars, thin plate bending theory was used to 
calculate the stresses and deflections of the walls and glass 
windows. 'Timoshenko (1956·, ~ ~ l i 5 ) ) gives several formulae for 
calculating the maximum stresses in plates built in at the edges. 
For glass, the maximum stress is 6.89 IIf.N/m2, giving a minimum 
glass thickness of 20 mm for a window 1.22 m x 0.61 m. At this 
thickness, the deflection of the lnndow was calculated to be 
0.1 mm. 
Figure C 1 gives a detailed sketch of the water tank. The 
two glass windo\,ls were fitted into a. rigid angle iron window frame 
and sealed with a polysulphide rUbber/resin. The sealant 
provided.a firm but slightly plastic seal which accommodated 
tpe movement in the glass panels when the tank was filled or 
emptied. The rigidity of the tank was increased by welding 
angle section around the top and middle of the tank. 
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APPENDIX D 
CORRELATIOnS FOR THE PHYSICAL'PROPERTIES OF HATER 
The physical properties of water in the form of polynomial 
equations '\-lere taken from various sources and are given below: 
Specific Heat ( C p ) ~ ~ Touloukian and Makita (1970) 
Cp(J/kgK) = 4 l 8 6 ~ 8 ' [ 2 . l 3 9 7 4 4 - 9.68137 x 10-3 (Tref + 273.16) 
+ 2.68536 x 10-5 (Tref + 273.16)2 ' 
- 2.42139 x 10-8 (Tref + 273.16)3] 
Thermal Conductivity (k), Tou1oukian, Liley and Saxena (1970) 
,k(H/mK) = 418.68,x 10-6 (- 1390.53 + 15.1937. (Tref + 273.16) 
- 0.0190398 (Tref + 273.16)2 ] 
,Density (p), CEGB (1970) 
p{kg/m3) = 999.8 + 9.2863 x 10-2 Tret - 1.0561 x 10-2 Trer2 . 
+ 1.3676 x 10-4 Tret3 - 1.5930 x 10-6 Tre r4 . 
+ 1.0698 x 10-8 T r e ~ ~ - 2.9775 x 10-11 Tref6 
Kinematic Viscosity (v), Fujii, T a k e u ~ h i , , Fujii, Suzaki and 
Uehara (1970) 
v{m2/s) = 10-6 [1.792 - 6.205 x 10-2 Tret + 16.009 x 10-4 Trer2 
-' 2 9 ~ 7 8 0 0 x 10-6 Tref3 + 35.314 x 10-8 Trer4 
- 23.075 x 10-10 Tre? + 6.240 x 10-12 T f6] 
, re 
Volumetric thermal expansion coefficient G9) 
This \'las evaluated from the density using the following 
formula. taken from Rogers and Mayhel'l (1967, p ~ 8 7 ) )
